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Aye, I suppose I could stay up that late.
James Clerk Maxwell, on being told on his arrival at Cambridge University that
there would be a compulsory 6 a.m. church service.
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Abstract
In this thesis, femtosecond lasers are explored for the fabrication of fiber Bragg gratings
(FBGs) in suspended core fibers (SCFs) as well as direct writing of integrated optical
devices in bulk fused silica glass.
The FBGs fabricated in suspended core fibers with different core geometries were
demonstrated with femtosecond laser exposure through a Talbot interferometer. In
this case, the use of a femtosecond laser system was crucial as it eliminates the need
for the use of photosensitive fibers, which is the case for SCFs, while the Talbot
interferometry setup provided flexibility in the definition of the grating periodicity,
while simultaneously protecting the optical components used in the fabrication process
from the high intensities reached during exposure in the proximity of the fibers. These
Bragg gratings were employed to show simultaneous strain and temperature sensing.
Using a femtosecond laser direct writing system, novel point-by-point fabrication ar-
rangements, with detailed attention to the computer controlled laser beam modulation,
were developed in order to correctly introduce modulation of the refractive index profile
during the waveguide fabrication process. This technique enabled the development of
phase and frequency control required for advanced Bragg grating waveguide (BGW)
fabrication and arbitrary spectral shaping. Procedures were demonstrated for the
fabrication of chirped and phased shifted BGWs for applications in temporal pulse
shaping and spectral shaping that showed significantly improved feature resolutions
for sensing applications.
The BGWs were used as a practical sensitive tool to determine and study the waveguide
birefringence inherent to the nonlinear absorption processes typical of femtosecond
laser-material interaction. The control of form and stress birefringence was developed
in order to accomplish the fabrication of integrated optical components for polarization
control, like guided wave retarders and polarization beam splitters. Tuning of this
waveguide birefringence was achieved by the introduction of stress inducing laser
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modification tracks that enabled the ability to both enhance or reduce the inherent
birefringence. Characterization techniques were developed for the absolute determi-
nation of the birefringence based on BGWs spectrum splitting, together with crossed
polarizer measurements, while novel data analysis procedures were demonstrated for
the study of polarization dependent and polarization independent directional couplers
with the introduction of a polarization splitting ratio which is wavelength and coupling
length dependent.
All of the improvements made in the understanding of waveguide birefringence con-
trol provided increased flexibility to simultaneously fabricate low polarization mode
dispersion circuits, as well as more efficient and compact polarization dependent
devices. The polarization aspects detailed here, together with the point-by-point
fabrication system, may be further developed in the future towards the fabrication
of more complex integrated devices that combine spectral, temporal, and polarization
control, all achievable with the same femtosecond laser writing system. These flexible
processing techniques will open new directions for writing additional functionalities in
optical circuits with more compact three-dimensional geometries.
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Resumo
Nesta tese, lasers de femtosegundos são explorados para a fabricação de redes de
Bragg (fiber Bragg gratings (FBGs)) em fibras de núcleo suspenso (suspended core
fibers (SCFs)) e para a escrita direta de dispositivos ópticos integrados em substratos
de vidro compostos por sílica pura.
As redes de Bragg fabricadas em fibras de núcleo suspenso, com diferentes geometrias,
foram demonstradas por exposição à radiação de um laser de femtosegundos através
de um interferómetro de Talbot. Neste caso, a utilização de um sistema laser de
femtosegundos foi crucial, uma vez que este elimina a necessidade de utilização de fibras
fotossensíveis, que é o caso das fibras de núcleo suspenso, enquanto que a configuração
interferométrica de Talbot proporciona flexibilidade na definição da periodicidade da
rede, ao mesmo tempo que protege os componentes ópticos utilizados no processo
de fabricação das intensidades elevadas atingidas durante a exposição, na proximidade
das fibras. Estas redes de Bragg foram utilizadas para demonstrar medição simultânea
de tensão e de temperatura.
Recorrendo a um sistema de escrita direta com laser de femtosegundos, novos processos
de fabricação ponto-a-ponto, com especial destaque para o controlo computorizado
da modulação do laser, foram desenvolvidos no sentido de introduzir modulação do
perfil de índice de refracção durante o processo de fabricação de guias de onda.
Esta técnica permitiu o desenvolvimento do controlo de fase e frequência necessários
para a fabricação de redes de Bragg integradas (Bragg grating waveguides (BGWs))
com conteúdo espectral arbitrário. Os procedimentos foram demonstrados para a
fabricação de redes de Bragg com saltos de fase (phased shifts) e com variação linear de
frequência (chirp) e para aplicações em modulação temporal e espectral de impulsos,
demonstrando também uma melhoria significativa da resolução para aplicações em
sensores ópticos.
11
As redes de Bragg integradas foram utilizadas como ferramenta prática para a de-
terminação e estudo da birrefringência em guia de onda, birrefringência esta que é
inerente aos processos de absorção não-lineares típicos das interacções do laser de
femtosegundos com vidros. O controlo da birrefringência de forma e de tensão foi
desenvolvido no sentido de obter componentes ópticos integrados para o controle de
polarização, como retardadores de onda e separadores de polarização baseados em
acopladores direccionais. A variação da birrefringência dos guias foi conseguida através
da introdução de zonas modificadas pelo laser criando estados de tensão localizada,
permitindo o aumento ou redução da birrefringência. Técnicas de caracterização
foram desenvolvidas para a determinação precisa e única da birrefringência com base
na degenerescência espectral do modo fundamental das redes de Bragg juntamente
com medições de polarização cruzada, ao mesmo tempo que novos procedimentos de
análise de dados foram demonstrados para o estudo de acopladores direccionais, com
e sem dependência na polarização, através da introdução de uma razão de divisão de
polarização (polarization splitting ratio), que depende do comprimento de onda e do
comprimento da região de acoplamento.
Todo o progresso feito na compreensão de formas de controlo da birrefringência em
guias de onda integrados forneceram uma maior flexibilidade do sistema para a fabri-
cação em simultâneo de dispositivos com pouca dispersão modal de polarização, assim
como de dispositivos dependentes de polarização mais compactos e eficientes. Os
aspectos de polarização em guias de onda aqui descritos, em conjunto com o sistema
de fabricação ponto-a-ponto de redes de Bragg, podem ser desenvolvidos no futuro
para a fabricação de dispositivos integrados mais complexos que combinam controlo
espectral, temporal e de polarização, todos atingíveis com o mesmo sistema de escrita
direta com laser de femtosegundos. Estas técnicas de processamento flexíveis propor-
cionarão novas direções para a escrita de dispositivos com funcionalidades adicionais
em circuitos ópticos mais compactos e em geometrias tridimensionais.
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Glossary
Gaussian A Gaussian function is defined by Equation 0.1, with x0 being the position
of the peak and the value at the maximum point is G(x0) = A.
G(x) = Ae
−(x− x0)
2
2c2 (0.1)
The diameter at 1/e2 of the maximum is 2ω0 = 4c and the full width at half
maximum (FWHM) is 2
√
2 ln 2c . 43, 46, 53
GPIB General Purpose Interface Bus, IEEE-488, is a digital communication bus
specification. It is used for computer control of many laboratory equipment. 50,
141
hyperbolic secant squared The hyperbolic secant squared (sech2) function is de-
fined by Equation 0.2, with x0 being the position of the peak.
S(x) = A sech2
(
(x− x0)
τ
)
(0.2)
The value at the maximum point is S(x0) = A and the FWHM is given by
2 ln(
√
2 + 1)τ ≈ 1.76τ . 43
Levenberg-Marquardt The Levenberg-Marquardt algorithm is a numerical method
that provides a solution to the problem of minimizing a nonlinear function
over a space of parameters of that function [1, 2]. In this thesis the python
implementation of this algorithm from the SciPy module was used. 106, 141
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26 Glossary
Lorentzian A Lorentzian function is defined by Equation 0.3, with x0 being the
position of the peak.
L(x) = A
pi
1
2Γ
(x− x0)2 + (12Γ)2
(0.3)
The value at the maximum point is L(x0) = ApiΓ and the FWHM is given by Γ .
42, 43
retardance Also known as the relative retardation, is the phase difference accumu-
lated between two polarization eigenmodes in a given length of a birefringent
material. The linear retardation, measured in units of length, corresponds to
the difference between the space the two eigenmodes propagate in the same time
through a given length of a retardance medium [3]. 93
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DFB distributed feedback laser. 73
DUV deep ultra violet. 57, 59–61, 63
EELED edge-emitting LED. 50
FBG fiber Bragg grating. 9, 11, 42, 57, 58, 60–64, 66–69, 71, 73, 75, 76, 127
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OBPF optical bandpass filter. 82, 83
OD optical density. 48
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PCF photonic crystal fiber. 38, 58
PSBGW phase shifted Bragg grating waveguide. 84–88
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SCF suspended core fiber. 9, 11, 57, 58, 60–62, 65, 66, 68, 71, 127
SMF single mode fiber. 38, 52, 53, 60, 96, 113, 117
UV ultraviolet. 38
voxel volumetric pixel. 44, 74, 75
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Introduction
The development of fabrication processes compatible with a high degree of miniaturiza-
tion has been pursued for decades for applications in many different areas of scientific
knowledge. Since the invention of the laser, the use of these radiation sources has
been key for many micro-fabrications processes, with special interest in direct laser
writing of devices. Recent progress in pulsed ultrafast lasers has been responsible
for a great number of fabrication applications that rely on sub-micrometer resolutions
achievable with these systems, as well as the ability to perform direct three-dimensional
fabrication of optical devices.
Society relies heavily on optical technologies for many aspects of human life. Today’s
information is transported around the world by optical fibers, from the long transat-
lantic backbones to home installations in some regions of the globe. Besides being
the main channel for communications, optical fibers are also used for many sensor
applications, such as distributed stress and temperature detection, image collection
and chemical and environmental monitoring, to name a few.
While optical fibers have become arguably the main component for the world’s com-
munication infrastructure, integrated optical devices have also found many important
applications, bringing together the advantages provided by optical sensing and op-
tical processing technologies, with the compactness and reliability of miniaturized
integrated systems.
Beyond passive optical components, active devices have also provided a huge thrust
to science and technology since the theoretic foundation of light amplification by
stimulated emission of radiation was proposed by Albert Einstein in 1917. This was
followed with efforts by many researchers that culminated in the demonstration of the
first laser in 1960. Lasers became the ideal source of energy for many applications
such as: industrial material processing, where lasers are used for cutting, welding,
marking, and cleaning of various materials; scientific experiments in spectroscopy and
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interferometry for all kinds of accurate measurements, from astronomical distances
to microscopic scale sizes; medical applications such as cancer treatment, eye and
cosmetic surgery and as a cutting tool for general surgery; and many others where the
characteristics of light coherence or the ability to create high optical intensities makes
the laser impossible to replace by any other kind of tool.
Photonics technologies have many advantages when compared to other sensing and
communication methods. For example, all-optical components have the advantage
of being ideal to deploy in environments typically hazardous to electronic equip-
ment. Their immunity to electromagnetic interference makes them suitable for use
in high power environments while the robustness of the platforms makes them great
for withstanding extreme pressures, like deep water explorations, or extreme heat
environments. With the choice of appropriate dielectric materials, integrated optical
devices can be used in situations of exposure to considerable amounts of ionizing
radiation, such as space stations, satellites or nuclear plants. The stability and
performance of current integrated optical devices also provides an ideal platform to be
used in quantum optics experiments, opening opportunities for the design of quantum
entanglement cryptography applications or quantum bit processing on a chip. The
fabrication of devices for these applications requires very deep knowledge of light-
matter interactions, as well as exploration of materials, fabrication techniques and
optical circuits design to fully achieve the possibilities of this technology.
The photonic science and technology available today already appear in a great part of
everyday life and yet there are endless opportunities to explore and expand further the
applications of optical devices. Areas such as medicine, communications and industrial
processing can readily benefit from better devices with faster components, increased
functionality or simpler manufacturing techniques that provide lower costs. Other
possibilities such as integrated optical computers, based on optical processors, are still
far from being available, yet their discovery and demonstration may very well represent
a paradigm shift in information technology, for the new possibilities that may become
available.
Femtosecond laser technologies have enabled the prospects of producing integrated
optical circuits in three dimensions with a single writing step [4, 5, 6]. Fused silica is
a widely favored material in femtosecond laser processing due to formation of low loss
and stable optical devices.
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Since the discovery of induced refractive index modification of transparent material
with femtosecond laser exposure [7], many devices have been demonstrated, including
directional couplers [6], Bragg grating waveguides [8], waveguides in active materials
[9], and integrated lasers [10]. This method of forming waveguides opens up the
prospects of producing three-dimensional integrated optical circuits in a single writing
step [4, 5] like three-by-three directional couplers [11], or for high density volume data
storage [12].
This thesis is focused on the study and fabrication of new optical circuits and devices
within the current framework of optical ultrafast fabrication and characterization
technologies, taking advantage of scientific knowledge about nonlinear light-matter
interaction, waveguides, and integrated optics design. The focus is on bulk fused
silica glass as the material of choice for creating optical devices with good optical
properties. Advances in point-by-point writing of segmented waveguides are explored
for application in spectral shaping and high resolution sensing, while interferometric
femtosecond fabrication is used for the development of Bragg gratings in pure silica
optical fibers for temperature and strain sensing. In addition, new approaches to
control waveguide birefringence are presented towards the fabrication of polarization
dependent spectrally selective components. Together, segmented waveguides and
polarization components define the thesis objective of improving the state-of-the-art
of optical circuits with new advanced fabrication control processes.

Chapter 1
Background
Ultrafast laser pulses with durations on the order of hundreds of femtoseconds (fs)
to picoseconds (ps) and with pulse energies of hundreds of nanojoules (nJ) can reach
peak powers on the order of megawatts (MW). If pulses with such high peak power
are tightly focused onto micrometer square (µm2) size areas, the intensity on the focal
spot can reach terawatts per centimeter square (TW/cm2) 1. If the laser pulses are
focused below the surface of a transparent dielectric material, these intensity levels
are sufficient to trigger nonlinear optical absorption through processes that are not
yet completely understood, but can generally be simplified into the generation of a
free electron plasma by multiphoton ionization [13, 14] and avalanche photoionization
[15, 16], and energy relaxation followed by permanent modification of the material
properties. With appropriate laser and focusing conditions, this permanent modifica-
tion may provide an increase in the refractive index of the material [7]. The refractive
index changes inside glasses can result from chemical alterations after plasma formation
or from the generation of low and high densification zones and stress fields in the
material.
The nonlinear absorption process in dielectric materials enables the possibility of
writing modification regions directly inside these transparent materials, which further
enables fabrication of three dimensional integrated optical circuits [17]. The develop-
ment of ultrafast pulsed lasers, with pulse widths of sub-picosecond dimension, was a
key factor for the introduction of high resolution three dimensional micro-machining
processes that take advantage of nonlinear light-matter interaction.
1For perspective, the average lightning strikes have peak powers of terawatts.
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If a high peak power ultrashort pulse is focused inside a transparent material, the light
intensity necessary to produce these effects is only reached in the focal volume of the
beam [16], as represented in Fig. 1.1 by the comparison between a continuous wave
(CW) laser in a linear absorption medium and a pulsed laser in a transparent medium.
This nonlinear absorption enables the ability to directly define three dimensional
circuits [18] inside a transparent substrate. In contrast, the standard photolithography
methods rely on linear absorption of radiation in a photosensitive material, when the
emission wavelength of a laser is in resonance with an absorption band of that material,
and this process is typically restricted to two dimensional fabrication.
CW laser Pulsed ultrafast laser
Linear absorption Nonlinear absorption
Figure 1.1: Comparison between linear absorption, produced by a CW laser (or long
pulsed light source) in a photosensitive material, and nonlinear absorption produced
by an ultrafast laser focused in a transparent material.
In a similar way, fabrication in photosensitive materials can also benefit from ultrafast
laser fabrication. The chemical alteration required for the process of photopolymer-
ization can happen nonlinearly if the wavelength used is not linearly absorbed by the
material. This approach can reduce the resolutions to values under the diffraction
limit [19]. This high resolution selective photopolymerization can be used for the
fabrication of photonic band gap devices (or photonic crystals) with tens of nanometers
size features. These devices can exhibit a photonic stop band, analogous to the
electronic band gap present in semiconductors; however, for this effect to occur, the
photonic crystals structure requires a high index contrast, which is seldom the case for
polymers. Nanostructures fabricated this way can, instead, be used as a template for
the replication of the structures with higher index of refraction materials, like silicon,
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by methods of double inversion (or simple inversion in case the template is the negative
of the desired structure) [20].
Ultrafast lasers suitable for waveguide fabrication can be classified according to their
pulse energy and repetition rate. High repetition oscillators, with rates typically
around 80 MHz, provide per pulse energies on the order of nanojoules to tens of
nanojoules, while high power amplifiers can reach hundreds of milijoules of energy per
pulse with repetition rates on the order of kilohertz to hundreds of kilohertz2. High
repetition rate systems have a time period between pulses which is shorter than the
thermal dissipation time for many glasses. This may produce thermal accumulation
effects [21] which produce volumes larger than the focal volume of the laser [22],
a beneficial effect that has been explored to fabricate low loss waveguides [23]. In
contrast, the low repetition rate systems may be viewed as single isolated pulses
arriving at the sample and hitting “cold material,” where all effects from previous
laser pulses at the focal volume are negligible when the next pulse arrives. The high
energy per pulse available with these lasers triggers higher nonlinear effects that are
not reachable with high repetition rate, low energy systems, making them also useful
for waveguide writing, as well as micro fabrication by glass ablation [24], hole drilling
[25, 26] or glass cutting [27, 28].
A demonstration of the capabilities of ultrafast laser writing is shown in Fig. 1.2. The
logos of the University of Toronto and INESC Porto were imprinted 10µm under the
surface of a fused silica substrate without any modification to the surface of the glass.
100 µm
Figure 1.2: Optical microscope image of the logos of the University of Toronto and
INESC Porto, written by femtosecond laser exposure 10µm under the surface of a
fused silica substrate.
A common solid state femtosecond laser system approach is based on a Ti:sapphire
gain medium (due to the large gain bandwidth required for ultrashort pulses), typically
emitting on the near infrared spectral band (800 nm - 1000 nm) that can be used with
2A high pulse energy, low repetition rate laser was used in Chapter 3 to make fiber Bragg gratings
in suspended core fibers.
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a mode locked oscillator to produce high repetition rate lasers with low power. These
lasers can serve as a seed source for a chirped pulse amplification [29] stage, where
a regenerative amplifier cavity, for example, also using a Ti:sapphire gain medium,
is used to increase the pulse energy at the expense of producing a beam at a lower
repetition rate, resulting in the high power, low repetition rate laser systems mentioned
earlier.
Another approach to produce ultrafast laser pulses has been greatly developed in
the last decade, and is based on using rare earth (mainly ytterbium) doped fiber
laser systems emitting at 1044 nm. These lasers can provide various combinations
of repetition rates and pulse energies, and have the advantage of being more stable
than their solid state counterparts. This particular advantage is a key factor for
waveguide writing, where the quality of the optical circuits is greatly influenced by
the stability of the laser source. Particularly for prototyping experiments and basic
interaction studies, a stable laser allows for more precise probing of device parameters
that influence the quality of the integrated optical circuits3.
The material of choice for optical applications is fused silica due to its high trans-
parency to optical wavelengths and also due to its stable physical properties, such as
temperature and chemical stability and durability. Fused silica is transparent to the
laser wavelengths typically available from ultrafast lasers and thus meets the criteria
for nonlinear absorption process in the laser focal volume, enabling the fabrication of
waveguides. A summary of fused silica properties relevant for optical applications is
given in Appendix B.
Fused silica is also chemically stable and does not react with most acid or organic
solvents. One exception is hydrofluoric acid (HF) acid, for example, which can dissolve
fused silica. While this may be a challenge if an application requires devices to be HF
resistant, it also provides an opportunity for microfluidic channel fabrication [30, 31]
and their combination with integrated optical components. The structural changes
created in fused silica by ultrafast laser exposure greatly enhance the susceptibility
of the glass to HF etching, making possible the selective patterning of bulk glass and
fabrication of microfluidic channels. Hence, the same laser can be used for waveguide
and microfluidic fabrication. Solutions such as potassium hydroxide (KOH) are also
capable of selectively etch femtosecond laser patterned fused silica [32] with better
aspect ratio and without significant saturation as compared with HF.
3A fiber laser was the basis for all the fabrication work presented in Chapter 4 and Chapter 5 to
make waveguides in bulk fused silica glass.
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The mechanism for selective chemical etching is influenced by the creation of nanograt-
ings (shown in Fig. 1.3) in the focal volume of an ultrafast laser as well as the amount
of energy deposited in the glass [33]. The phenomenon of nanograting formation is
present in fused silica as well as in other glasses and consists of periodic nano-structures
with sizes smaller that the wavelength of the laser, that are formed perpendicular to
the laser polarization.
(a) (b)
1 µm
Figure 1.3: Scanning electron microscope image of nanogratings oriented perpendicu-
larly (a) and parallel (b) to the waveguide direction [34, 35].
Many materials, besides fused silica, have been explored for waveguide laser writing.
Borosilicate glass, for example, has shown great potential by exhibiting thermal ac-
cumulation effects with moderate repetition rates of hundreds of kilohertz, leading to
low loss waveguides [23]. Such heat accumulation effects have not been advantageously
demonstrated in femtosecond laser writing of waveguides in fused silica. Rare earth
doped glasses have been explored for direct fabrication of laser cavities [10], while
the fabrication of waveguides in crystals has also been explored [36, 37, 38]; however,
in this case, femtosecond laser exposure typically reduced the refractive index of the
material, rather than increasing it like in glasses. This is a challenge that has been
addressed by the fabrication of depressed claddings [39], in order to outline a pattern
for waveguide operation. All the currently available fabrication techniques, together
with the improvements favored by ultrafast laser technology, provide an excellent
framework for lab-on-a-chip device fabrication [40]. Another advantage of fused silica
is that after fabrication the samples do not require grinding and polishing to provide
good coupling of light into the waveguide. Other, lower fusion temperature glasses
suffer from waveguide tapering at the edges of the glass substrate, where the laser
beam is asymmetrically focused passing partially through the surface and partially
through air. This effect is negligible in fused silica, which provides for faster fabrication
and testing cycles to be performed by eliminating the time consuming polishing step.
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Another aspect worth noting is the possibility of self focusing [14, 41], which in practice
produces a focal volume inside the glass that is closer to the writing lens than if linear
propagation alone is considered. Furthermore, this shift in the focus position depends
on the writing power and the numerical aperture (NA) of the focusing lens and this
effect has to be taken into account when designing three dimensional structures at
different depths.
The laser fabrication of structures, being microfluidics or waveguides, has also found
application in optical fibers, where the availability of substrates and their flexibility
provides the perfect platform for distributed sensing. Standard single mode fiber
(SMF) have the core made of germanium doped fused silica which adds a 0.36%
refractive index increase to the background fused silica cladding. The doped core
can be photosensitive to ultraviolet (UV) radiation but is still transparent at longer
wavelengths. At the same time, other types of fibers, such as photonic crystal fibers
(PCFs), have no doped core and are therefore good candidates for femtosecond laser
writing. Both standard or micro-structured fibers can also take advantage of ultrafast
laser writing to develop optical devices in the cladding of those fibers. This approach
promises to greatly enhance the availability of devices towards the fabrication of lab-
on-a-fiber systems.
Both lab-on-a-fiber and lab-on-a-chip devices present fabrication challenges, ranging
from the availability of reliable and flexible laser sources to understanding the theories
governing the nonlinear absorption phenomena. Further developments in these areas
promise to generate new opportunities for applications in optical telecommunications,
distributed or in-situ sensing, in-vivo biophotonics sensing, and quantum optics.
1.1 Challenges and opportunities
Due to the nonlinear nature of ultrafast light-matter interactions, many parameters
that influence experimental results quickly become very complex and complicated to
analyze or to isolate clean-cut relationships between the exposure conditions and the
resulting modification structures.
An example of this complexity can be found in the formation of nanogratings, which
happen in a select number of materials. The nanogratings provide selective etching,
influence the waveguide losses and also, due to their orientation, may produce form
birefringence, which is the topic of Chapter 5 of this thesis.
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Generic asymmetries in the laser beam focus have been found to create regions of
low and high refractive index, which in turn create stressed material around the
focal volume [42]. These stressed regions, combined with the presence or absence
of heat accumulation, lead to birefringence in the sample that depends primarily on
the writing laser pulse energy. The power distribution or the presence of spatial chirp
in the writing laser beam has also been shown to be a source of non-reciprocal writing
[43], commonly called the “quill effect.” This effect creates waveguides with optical
properties that depend on the writing direction, i.e., on the relative positions of the
laser to the glass and on the writing direction. This effect, while non-negligible, can be
circumvented by choosing a writing configuration and direction that provides relatively
good propagation properties for a waveguide and then exploring other parameters
without changing the “quill effect” condition4. Most of the experiments in this thesis
do not address the “quill effect” as processes and devices were selectively written in
only one direction where the “quill effect” was constant across all devices studied.
It was found that while absolute values may not be the same, the trends between
fabrication conditions and waveguide properties are generally the same regardless of
this non-reciprocal effect.
Nearly all the writing parameters such as pulse energy, writing speed, writing wave-
length, pulse duration, focusing and material properties, will greatly influence the
waveguide properties, such as propagation loss, mode field distribution, and birefrin-
gence with wavelength dependency. This can be turned into an opportunity to control
the spectral properties of the fabricated devices where their wavelength dependent
properties are easy to be recorded with broadband sources and optical spectrum
analyzers (OSAs), providing another dimension of experimental results which can offer
a great amount of information about the writing process.
These technical fabrication aspects are a challenge to produce waveguides with high
repeatability and predictability of their optical properties. Because many of these
issues remain fairly unexplored, they constitute a big study opportunity that can offer
on one hand a deeper understanding of nonlinear light-matter interaction, and at the
same time the possibility of exploring these properties in the implementation of new
kinds of integrated optical devices.
4While this approach is suitable for prototyping experiments and novel demonstrations, future
reproducibility of results is subject to the reproduction of the original laser condition that replicates
the effect.

Chapter 2
Fabrication and characterization
methods
This chapter describes the methods used for the fabrication and characterization
of waveguides produced using femtosecond laser exposure. Most of the contents of
this thesis, with the exception of Chapter 3, rely on these experimental procedures
specifically applied to planar fused silica glass substrates. The femtosecond laser de-
scribed in Section 2.1 has characteristics, like pulse duration and energy per pulse,
ideal to produce nonlinear absorption in glasses and therefore to produce the required
permanent changes in the substrate that make the definition of waveguides possible.
These specifications are in the range between the required intensity1 threshold for
nonlinear absorption and the intensity threshold for damage and ablation. Additional
components in the laser delivery system, also described in Section 2.1, further allow
for the manipulation of the femtosecond laser beam to facilitate the fabrication of
segmented waveguides and to obtain Bragg grating waveguides (BGWs). The char-
acterization methods described in Section 2.2 provide the means to measure the key
physical quantities of the femtosecond laser written waveguides with sufficient accuracy
to draw meaningful conclusions from the experiments designed in each chapter.
1 The peak power achievable from this laser is the important parameter to consider (which depends
on the energy per pulse and the pulse duration). The intensity thresholds are reached after the laser is
focused inside the material, so the intensity depends also on the focusing power used for this purpose;
however, the focusing is limited by diffraction, and in practice, under the conditions explained later in
this chapter, spot sizes of ≈ 1 µm are the smallest achievable here for practical waveguide fabrication.
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2.1 Femtosecond laser fabrication system
For the work described in this thesis, two main femtosecond laser writing systems
were used. One system will be described in detail here, and is based on a femtosecond
fiber laser that was used for the work related to the fabrication of waveguides in bulk
fused silica substrates. The other system is a regenerative amplified Ti:Sapphire laser,
producing 130 fs pulses with 800 nm center wavelength. This system was used for
the fabrication of fiber Bragg gratings (FBGs) in suspended-silica-core fibers and its
characteristics will be described in detail in Chapter 3.
The femtosecond fiber laser system used for fabrication of waveguides in bulk fused
silica is shown in Fig. 2.2 and consists of an Yb-doped fiber chirped pulse amplified
system (IMRA America µJewel D-400-VR), with a center wavelength of 1044 nm and
variable repetition rates from 100 kHz to 5 MHz. The key characteristics of this system
are summarized in Table 2.1.
Table 2.1: µJewel D-400-VR specifications
Parameter Specification∗
Repetition rate (MHz) 0.1 - 5
Center wavelength 1044 nm
Emission bandwidth FWHM <10 nm
Polarization contrast ratio >20 dB
Pulse contrast ratio 38 dB
Pulse energy noise < 5% rms
Output power stability <5%
Beam quality, M2 (X, Y ) 1.4, 1.3
Output beam diameter (1/e2) (X, Y ) 3.7 mm, 3.4 mm
Beam divergence (X, Y ) 0.83 mrad, 0.55 mrad
ACF width 450 fs
∗Provided by the manufacturer.
The fiber laser produces uncompressed≈500 ps width pulses that are aligned through a
compressor composed by three mirrors, one grating and one prism. After compression
the pulse width is ≈300 fs full width at half maximum (FWHM); the distance between
the prism and the grating is adjustable in order to optimize the compression of the
pulses according to the repetition rate provided by the laser. An example of an
autocorrelation function (ACF) measurement performed on infrared pulses is shown
in Fig. 2.1, where the experimental data was fitted to a Lorentzian function in order
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to determine an autocorrelation FWHM value of 469 fs. This value corresponds to a
pulse width2 of 235 fs. The pulse compression step has a ∼66% efficiency, significantly
reducing the power of the laser beam but, much more significantly, increasing the
pulse peak power, by virtue of achieving a three order of magnitude compression. The
difference between the power of the laser before and after compression for different
repetition rates is shown in Table 2.2.
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Figure 2.1: ACF measurement for infrared (1044 nm) compressed femtosecond pulses
from the fiber laser.
During the course of this research, the laser system had to undergo a significant repair.
This resulted in a variation of performance which is summarized in Table 2.3. After
this repair the output power of the laser was more than doubled for repetition rates
above 1 MHz.
The laser is linearly polarized (parallel to the optical table) and perpendicular to the
z-axis (as defined in Fig 2.2). The computer controlled wave plate (Aerotech ART310
rotation stage) and the polarization beam splitter provide a way of tuning the beam
power while guaranteeing the linear polarization of the laser. The laser path can
then be selected between two alternatives, the non-AOM path and the acousto-optic
modulator (AOM) path.
2The 469 fs measured for the ACF width agrees well with the value specified by the manufacturer
(450 fs); however, the 235 fs of pulse width, assumed from the deconvolution factor of the Lorentzian
function (with a value of 2) is smaller than the reported 300 fs used to characterize the laser. This
is due to the use of a conservative hyperbolic secant squared (sech2) function with a deconvolution
factor of 1.54 instead of a Lorentzian profile or even a Gaussian profile (with a deconvolution factor of√
2). Regardless of the distribution used to fit the ACF data, as long as that distribution is specified,
the results can be replicated. Also, the pulse duration is only used to calculate the light intensity,
which is only relevant if two different laser systems (or different pulse durations) are to be compared,
which is not the case in this thesis.
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Table 2.2: Fiber laser (µJewel D-400-VR) power comparison before and after
compression for the laser after 02/07/2010
Repetition
rate (MHz)
Power (mW)
Uncompressed Compressed
0.1 495 320
0.2 735 483
0.5 752 503
1.0 1567 1059
2.0 1770 1195
5.0 2000 1345
Table 2.3: Fiber laser (µJewel D-400-VR) performance for different repetition rates.
The power is represented in (mW) and the pulse energy is represented in (µJ)
Repetition
rate (MHz)
Before 22/03/2010 After 02/07/2010∗
Power Pulse energy Power Pulse energy Pulse width (fs)
0.1 330 3.300 320 3.200 340
0.2 490 2.450 483 2.415 340
0.5 500 1.000 503 1.006 420
1.0 510 0.510 1059 1.059 420
2.0 510 0.255 1195 0.597 450
5.0 650 0.130 1345 0.269 530
∗The laser was shipped to the manufacturer for repair and upgrade.
The AOM path passes the laser beam through two telescopes, composed by four lenses,
and an AOM (TeO2 based Neos 23080-3-1.06-LTD). The first two lenses are a positive
and a negative lens, respectively, that reduce the beam size to fit the AOM aperture;
and the last two lenses produce the opposite effect and revert the beam to its original
size. The AOM is also computer controlled by either a digital (Neos 21080-2DS) or an
analog (Neos 21080-2AS) RF driver signal, and is optimized to create one first order
diffraction beam with ≈60% of the total power of the input beam; this configuration
serves as a fast on/off switch for the laser beam and can reliably operate at frequencies
up to ∼1 MHz with the current setup. The ability to modulate the laser beam with
the AOM allows the direct fabrication of Bragg grating waveguides (BGWs) [8], by
creating a waveguide composed of periodic segments, or volumetric pixels (voxels),
of refractive index higher than that of the background refractive index of fused silica.
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Figure 2.2: Diagram of the femtosecond fiber laser fabrication system.
This beam modulation, translates into a refractive index modulation on the waveguide,
and will be further described in detail in Chapter 4.
At this point in the fabrication setup of Fig. 2.2, the laser wavelength is 1044 nm
and the pulse width is 300 fs with a variable repetition rate ranging from 100 kHz to
5 MHz and the possibility of AOM modulation. As described before [44], the second
harmonic wavelength (λ = 522 nm) produces a larger refractive index change in fused
silica than when using the fundamental wavelength. For second harmonic generation
the laser beam can be focused inside a lithium triborate (LBO) crystal, phase matched
through temperature at 170 ℃ (which produces pulses at a wavelength of 522 nm
with a conversion efficiency of 50%). The beam passes through a spectral filter to
remove the unconverted fundamental wavelength and the polarization state of the
second harmonic beam is linear and perpendicular to that of the fundamental beam.
The green laser light generated by the LBO crystal is therefore polarized parallel to
the z-axis (perpendicular to the optical table, Fig 2.2).
The laser beam is then aligned inside the target delivery system described in Fig. 2.3
and focused into the glass sample that is mounted in the computer controlled air-
bearing motion XY-stages (Aerotech ABL1000) having a resolution of 2.5 nm and a
reproducibility of 200 nm.
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Figure 2.3: Diagram of the beam delivery system with the motion stages in Fig. 2.2.
The computer controlled Z-stage (Aerotech ALS130) positions the laser spot typically
at 75µm below the surface of the glass substrate. Aspheric lenses with numerical
apertures (NAs) ranging from 0.16 NA to 0.65 NA were used to create spot sizes
with diameters ranging from 5.6 µm to 1.4 µm (1.6µm for 0.55 NA). The diameter is
calculated at 1/e2 of the maximum intensity with Equation 2.1, where ω0 is the spot
radius for the infrared 1044 nm wavelength, considering a beam quality of M2 = 1.35,
and assuming a Gaussian distribution.
ω0 =
M2λ
piNA (2.1)
The intensity in the laser spot can be approximated3 by Equation 2.2, with the energy
per pulse, Ep, and the laser pulse duration, τ , limited by the laser, and ω0 limited by
the diffraction limit as given by Equation 2.1.
I = Ep
τpiω20
(2.2)
3This approximates the beam to a rectangular distribution whose width is equal to the Gaussian
spot diameter obtained from Equation 2.1, instead of the more realistic Gaussian beam.
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The wave plate pictured in the diagram of Fig. 2.3 further permits the control of
the laser beam polarization state to be linear along the y-axis, linear along the x-axis,
circularly polarized, or any polarization state in between at the sample position. Using
this freedom to control the laser polarization, together with the XY motion control, it
is possible to have the polarization of the laser beam oriented parallel or perpendicular
with respect to the laser scanning direction in the glass sample4.
Figure 2.4 illustrates the laser being focused into a fused silica sample and a waveguide
being formed by scanning the sample through the laser spot. The geometry shown in
Fig. 2.4 also illustrates the orientation of the birefringence proper polarization axis of
the waveguide modes, or polarization eigenmodes, which are formed by the orthogonal
directions: Vertical, V , and Horizontal, H, defined with respect to the optical table.
Waveguide
Fused Silica
Femtosecond Laser Beam
EV k
z
y
xEH Scanning direction
EPar
EPer
z
y
x
LensLaser field
Waveguide field
Figure 2.4: Schematic diagram of the waveguide fabrication where ~EPar and ~EPer
represent the parallel and perpendicular polarizations of the writing laser, respectively.
~EV and ~EH indicate the electric field orientation of Vertical, V , and Horizontal, H,
waveguide polarization modes, respectively.
Throughout this work, the substrates used were Corning 7980 fused silica with dimen-
sions of 25.4 mm or 50.8 mm length, 50.8 mm width, and 1 mm thickness, with all
4For this purpose, the wave plate and the XYmotion control stages are redundant, as this flexibility
can either be achieved using the wave plate, to change the polarization in respect to the scanning
direction, or keeping the same laser polarization but changing the scanning direction using the XY
motion stages. Using the wave plate has the advantage of ignoring the effects of the non-circular
laser beam shape, which also affects the writing of waveguides. By changing the polarization and
keeping the same writing direction (X in the case of the waveguides used for this thesis) the effects of
X versus Y writing can be ignored and differences between perpendicular or parallel writing studied
with higher accuracy.
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facets optically polished. The length chosen in each case depended on the minimum
length required for each particular experimental device.
Figure 2.5 shows two pictures taken during the waveguide writing process. The green
light (second harmonic) visible in Fig. 2.5(a) is the femtosecond laser being focused
inside a fused silica sample; above the position of the aspheric lens. Lines of previous
exposures are also visible inside the glass. In Fig. 2.5(b) the same picture is taken using
a filter designed to have a high optical density (OD) for the green wavelength (same
filter used for eye protection goggles). In this picture, a small point of white light
is visible in the focal volume of the objective lens, which demonstrates the nonlinear
absorption and emission of broadband visible light from the laser-matter interaction
volume.
(a) (b)
Waveguides
Figure 2.5: (a) Waveguide writing picture with the green femtosecond beam focused
by a 0.55 NA lens into a fused silica sample. (b) Waveguide writing picture taken with
a high OD filter, the kind used as eye protection, that attenuates the green wavelength
from the femtosecond laser.
For the alignment of the laser for waveguide fabrication, pin holes were used throughout
the set up in order to align the laser beam parallel to the optical table as in Fig. 2.2,
and parallel to the vertical plate support shown in Fig 2.3. The reflection from each
of the mirrors is preferred to be at 90◦ in order to maximize the reflection from the
dielectric coatings and maximize the amount of power available for waveguide writing.
Lastly, the last mirror, before the objective lens that focuses the laser beam inside
the glass substrate, must be aligned such that the laser beam is perpendicular to the
sample. This reduces aberrations produced by the air glass interface which can distort
the intensity profile of the beam focal spot and change the shape of the waveguides.
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2.2 Waveguide characterization
Waveguides were characterized using the setups described in Fig. 2.6 and Fig. 2.7.
Both use two Luminos I3000 (3-axis) precision stages with three degrees of freedom
(x, y and z) to position the input and the output, fiber or lens, of the system. The
sample is also positioned in an independent Luminos I5000 (5-axis) precision stage
and held in place by vacuum; this stage has the ability to move the sample in the x,
y, and z directions and also to rotate in the z-axis (yaw) and in the y-axis (pitch),
allowing for five degrees of freedom to correctly position the waveguides with respect
to the other two stages. Both Luminos I3000 (3-axis) and I5000 (5-axis) have manual
control with 100-nm resolution.
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Figure 2.6: Fiber based waveguide characterization system.
Figure 2.6 shows an all-fiber arrangement where the waveguides in the sample are
aligned between two cleaved optical fibers that rest on the two lateral Luminos I3000
(3-axis) precision stages. This permits the precise lateral and angular alignment of
the fiber facets with the waveguide faces for efficient coupling of the probe light. This
arrangement has the advantage of being easy to align and stable for long optical
measurements. An optical circulator may also be used to provide the simultaneous
recording of reflected and transmitted light from the waveguide structure in the de-
tector.
Figure 2.7 shows a free space setup, where the light coming from the source is launched
into free space by a free space coupler and focused onto the waveguide facet by an
aspheric objective lens 30×, 0.4 NA resting on the input precision stage. The output
of the waveguide is collected by another objective lens, resting on the output precision
stage and recoupled into an optical fiber to be brought to the detector. One advantage
of this measurement configuration is that before and after the objective lenses the
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beam can go through any number of bulk optical components. In Fig. 2.7 the simple
case of a linear polarizer and an analyzer in the optical path is shown, permitting,
for example, probing of the birefringence properties of the waveguides under study.
Other components may be used to prepare an arbitrary polarization state before
the sample. For the purpose of measuring the birefringence properties of uniform
waveguides and Bragg grating waveguides (BGWs), broadband nanoparticle linear
film polarizers (Thorlabs LPNIR) were used with very large spectral coverage (650 nm
to 2.0µm), covering all the unpolarized broadband sources available for this work.
The ability to perform birefringence measurements as a function of the wavelength
greatly improved the quality of the results presented in Chapter 5 by retrieving more
information than the typical experiments where a single wavelength polarized laser is
used instead.
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Figure 2.7: Free space based waveguide characterization system.
The optical sources available for this characterization system included a broadband
erbium amplified spontaneous emission (ASE) light source (Thorlabs ASE-FL7002),
emitting from 1530 nm to 1610 nm (Fig. 2.8), four coupled edge-emitting LEDs
(EELEDs), each centered at a different wavelength (Agilent 83437A), with a combined
broadband from 1250 nm to 1700 nm (Fig. 2.9), and a tunable laser (Photonetics
Tunics-BT). The detectors available included an Ando 6317B optical spectrum ana-
lyzer (OSA) capable of measuring wavelengths from 600 nm to 1750 nm with a 0.01 nm
maximum resolution and power photodetectors (Newport 818-IG).
For further flexibility of the measurement systems, the power meters and the tunable
laser were also synchronized together, taking advantage of GPIB connectivity, in a
computer controlled scan which enabled the possibility of simultaneously measuring
two optical spectra (reflection and transmission) with 1 pm resolution. However this
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method is considerably slower than using the OSA, and therefore it was only used
when higher resolution was required and typically for narrow bandwidths5.
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Figure 2.8: Power density on a log scale (a) and linear scale (b) for the Thorlabs
ASE-FL7002 broadband source.
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Figure 2.9: Power density on a log scale (a) and linear scale (b) for the Agilent 83437A
broadband source.
5This approach was appropriate for scans with bandwidths on the order of nanometers (a 1 nm
scan would take ≈ 30 s to record).
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2.3 Mode profiles
To obtain the mode field diameters (MFDs) and account for the mode mismatch with
optical fibers, the intensity profile of the modes propagating in the waveguides can be
recorded as shown in Fig. 2.10, by coupling the light from a tunable laser (Photonetics
Tunics-BT) with a single mode fiber (SMF) to the waveguides and imaging the output
onto a phosphor-coated silicon charge-coupled device (CCD) camera (Spiricon SP-
1550M) by a 60× magnification lens. The camera has a 1600 × 1200 resolution in an
area of 7.0 × 5.3 mm2, with a pixel size of 4.4 × 4.4 µm2, and spectral response from
190 nm to 1100 nm and from 1440 nm to 1605 nm.
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Figure 2.10: Characterization system used to record the MFD of waveguides and fibers.
Figure 2.11 shows the mode profile of a SMF recorded at 1560 nm. This profile is
used to calibrate the image scale, with the mode size of the fiber known to be 10.4 µm
at this wavelength. The pixel size of the camera together with the 60× magnification
lens and a ∼20 mm tube length, resulted in a system resolution of 16 nm/pixel.
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Figure 2.11: (a) SMF intensity mode profile. (b) Intensity mode profile for one
dimension in the x-axis selected at the maximum intensity point. (c) Intensity mode
profile for one dimension in the z-axis selected at the maximum intensity point.
It is useful to estimate the mode mismatch losses created by the difference between
the MFD of an SMF and the waveguides fabricated in bulk glass. The MFD can
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be measured with the setup described in Section 2.2 and the coupling efficiency, η,
between any two given waveguide modes can be estimated by the overlap integral
between the two modes, shown in Equation 2.3, where the um(x, z) functions are the
electric field mode distributions of the two coupling waveguides.
η =
∣∣∣∣∫ ∞∞ u1(x, z)u2(x, z)dxdz
∣∣∣∣2∫ ∞
∞
|u1(x, z)|2 dxdz
∫ ∞
∞
|u2(x, z)|2 dxdz
(2.3)
For Gaussian shaped mode distributions, Equation 2.3 can be simplified to Equa-
tion 2.4, where a is the mode diameter of a SMF and dx and dz are the mode diameters
of the waveguide in the x and z directions, respectively, and with all the diameters
measured at 1/e2 of the intensity profile (1/e of the electric field).
η = 4a
2dxdz
(d2x + a2)(d2z + a2)
(2.4)
The coupling efficiency, η, can be converted into coupling loss (CL) (in dB scale) by
Equation 2.5.
CL = 10 log10(η) (2.5)
In order to determine the mode diameters, dx and dz, for the given recorded mode
profiles, first, the center point of the intensity profile is chosen by fitting to a two-
dimensional Gaussian function. The center points are noted in the intensity profiles
(Fig 2.12(a) and Fig 2.13(a)) as two orthogonal dashed lines. The 1/e2 intensity points
are then determined by either fitting the one-dimensional profiles in x and z directions
(red lines in Fig 2.12(b), Fig 2.13(b), Fig 2.12(c) and Fig 2.13(c)) or by finding the
experimental data points which are closest to the Imax/e2 level for the same x and z
directions (green marks in Fig 2.12(b), Fig 2.13(b), Fig 2.12(c) and Fig 2.13(c)).
These two methods occasionally provide inconsistent results as the intensity distri-
butions are not always fitted well to a Gaussian function. The MFDs reported with
either method have an uncertainty of ±0.2 µm associated with the measurements.
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Another method to estimate the waveguide coupling loss is based on numerically
solving Equation 2.3 using the recorded intensity profiles. The electric filed distribution
is the square root of the intensity values and the integrals are treated as sums inside the
recorded window. This is more accurate that using the simplified coupling efficiency
in Equation 2.4, but is also more difficult to perform, as the results in the form of
intensity matrices have to be centered and the noise in the recorded values negatively
affects the final loss result.
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Figure 2.12: (a) Uniform waveguide intensity mode profile. (b) Intensity mode profile
for one-dimension in the x-axis selected at the center intensity point. (c) Intensity
mode profile for one-dimension in the z-axis selected at the center intensity point.
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Figure 2.13: (a) BGW intensity mode profile. (b) Intensity mode profile for one-
dimension in the x-axis selected at the center intensity point. (c) Intensity mode
profile for one-dimension in the z-axis selected at the center intensity point.
Figure 2.12(a) shows an intensity mode profile recorded for the example of an uniform
waveguide where values of dx = 9.3µm and dz = 10.8µm were calculated and used to
infer a coupling loss of (0.03±0.02) dB/facet. Figure 2.13 shows the results for a BGW
with dx = 9.7 µm and dz = 11.3 µm, yielding a coupling loss of (0.03±0.02) dB/facet.
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Numerically determining the losses based on Equation 2.3 and on the mode profile in
Fig. 2.12 resulted in a coupling loss of 0.05 dB/facet, which was the best value achiev-
able by manually centering the matrices and by minimizing the noise contribution,
with the calculation made considering only a small window around the profile center
(13 µm).
All these results provide an underestimation of the coupling losses because other
factors, like alignment, perpendicularity of the waveguides relative to the sample edge,
quality of the glass polishing, and quality of fiber cleaving, all increase the coupling
losses in a real measurement. The propagation loss, α (measured in dB per unit of
length), for a waveguide can be determined with Equation 2.6, where IL is the total
insertion loss measured for a device and L is the length of the waveguide.
α = IL− 2CL
L
(2.6)
Since the underestimated coupling loss per facet, CL, is used to subtract from the total
insertion loss, IL, measured on every device, the final reported results for propagation
loss, α, are always overestimated.
2.4 Summary of fabrication conditions
The best laser writing conditions for low loss waveguides in fused silica have been
found with 0.55 NA focusing, 522 nm writing laser wavelength and laser polarization
parallel to the scanning direction [45, 46].
Table 2.4: Summary of propagation losses reported for waveguides fabricated in fused
silica (Corning 7980) at 1550 nm
Rep. rate (kHz) Pulse energy (nJ) Scan speed (mm/s) α (dB/cm) Ref.
500 200 0.50 0.43 [45]
1000 175 0.75 0.35 [45]
500 150 0.25 0.5 [46]
1000 150 0.50 0.3 [46]
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The losses reported here were obtained at 1550 nm; there is a wavelength dependency
on the waveguide propagation loss and an absorption band at 1384 nm which is due
to a high concentration of OH impurities in the substrate.
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Figure 2.14: Propagation loss as a function of wavelength for two waveguides fabricated
with 130 nJ and 150 nJ pulse energies.
Figure 2.14 shows the propagation losses of two waveguides as a function of the
wavelength for the entire spectral region studied in this thesis (1300 nm – 1650 nm).
The waveguides were fabricated with pulse energies of 130 nJ and 150 nJ, and using a
0.55 NA lens, with the laser operating at 500 kHz and 522 nm center wavelength, and
with the sample scanned at a constant speed of 0.27 mm/s with the laser polarization
being parallel to the scanning direction.
The waveguide devices studied here were based on known parameters summarized
in Table 2.4. This gave the lowest loss waveguides as a good starting point for the
fabrication of waveguides, BGWs and directional couplers. The fabrication conditions
may depart from these optimum values for various reasons: for example, to consider
shifts in the laser characteristics over time, or for the study of waveguide properties as a
function of any of the fabrication variables. Although the lowest losses for waveguides
in fused silica can be found with a repetition rate of 1 MHz, this is not ideal for the
fabrication of BGW where a repetition rate of 500 kHz is preferred [46]. For this
reason, 500 kHz was the repetition rate used for the fabrication of devices in this
thesis.
Chapter 3
Fiber Bragg gratings in suspended
silica core fibers
In this chapter, fiber Bragg grating (FBG) arrays in pure silica four-leaf clover shaped
suspended core fibers (SCFs) were fabricated by two-beam interference of a deep ultra
violet (DUV) femtosecond laser source (3.6 W at 800 nm, 130 fs, 1 kHz frequency
tripled to 350 fs, 650 mW at 267 nm) using a Talbot interferometer. The types of
fiber used here are made of pure silica, they were not treated with hydrogen before
grating inscription and did not contain any dopants to increase photosensitivity. The
flexibility provided by the Talbot interferometer allowed for the determination of the
effective index and the confinement factors of the guided modes, providing a repeatable
method of tuning the FBG resonance wavelength and also the fiber’s response for
sensing applications.
The spectral behavior in the C-band of FBGs was analyzed as a function of temperature
and strain. A defect fiber (with a hollow hole in the core) and non-defect fiber were
compared, both yielding ≈1 pm/µ sensitivity to strain but different sensitivity to
temperature (from 3.0 pm/℃ to 8.4 pm/℃ for the defect fiber and 10 pm/℃ for the
non-defect fiber). The 16% to 70% relative difference between the thermal coefficients
of the two fibers, together with their similar strain sensitivity, enables the simultaneous
measurement of strain and temperature.
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3.1 Background
FBGs have been extensively used in sensing applications for strain and temperature
measurements due to the attractiveness of the platform which can be used for dis-
tributed sensing or applications in hazardous environments. Besides the standard
single mode fibers commonly used, other fibers have been found to be particularly
interesting for sensing applications, such as photonic crystal fibers (PCFs) [47] or SCFs
[48]. Suspended core fibers are microstructured fibers with a small core suspended by
extremely fine glass bridges, defining a core surrounded by hollow holes between the
bridges, as seen in Fig. 3.1. The hollow holes around the core provide the confinement
needed for single mode waveguide operation in the C-band.
(a) (c)(b)
50 µm
Figure 3.1: Microscope images of the facets of three pure silica SCFs: (a) defect
IPHT-256b2, (b) non-defect IPHT-256b5 and (c) non-defect IPHT-256b1.
The geometry of SCFs increases the extension of the evanescent wave (decreased
confinement), making them specially attractive for a new generation of evanescent
field sensors [49] and for fluorescence spectroscopy [50]. The reduced filling factor
of the guided mode in the suspended core also shifts the zero-dispersion wavelength
to shorter wavelengths, and makes this type of fiber attractive for supercontinuum
generation [51]. The SCFs used here were previously tested in the implementation of
an interferometric sensor [52].
To generate FBGs in SCFs, the standard method of employing fibers with germanium-
doped cores and hydrogen loading can be used [49]. However, the small dimensions
of the core and the presence of the hollow holes speed the hydrogen out-diffusion by
orders of magnitude when compared to standard fibers. One possible approach to
reduce the out-diffusion is by sealing the end faces of the fiber [53]. This method
has the disadvantage of producing extra losses in the coupling between the SCFs
and the detection system which reduces the visibility of the FBGs during grating
inscription. To avoid the standard methods and produce photoinduced refractive index
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changes in pure silica fibers, high photon energies and intensities are required. The
use of femtosecond laser pulses [7] opens the possibility of creating refractive index
modulation in the pure silica core.
Phase mask inscription with 193 nm argon fluoride (ArF) excimer lasers [54, 55] and
with IR femtosecond laser sources [56] have already been demonstrated. The use of
DUV sources allows for minimization of structural dimensions [57], and phase mask
inscription with 267 nm femtosecond lasers [58] can also be applied to pure silica fibers
[59, 60].
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Figure 3.2: Comparison between positioning the optical fiber close to the phase mask
(left) and placing the fiber further away with a Talbot interferometer (right). A
cylindrical lens placed before the phase mask focuses the beam in the fiber position.
In the typical phase mask approach, the fiber has to be placed directly behind a phase
mask, close to the surface, where the interference pattern is formed. This requires
the photosensitivity of the fiber to be higher than that of the phase mask; if both
fiber and mask are made of the same material, fused silica in this case, degradation
starts to happen in the phase mask, accompanied by red luminescence caused by
nonbridging oxygen hole centers [61, 62]. In order to avoid this problem, the space
between the phase mask and the target has to be increased [63], therefore reducing
the light intensity at the phase mask position. This can be efficiently achieved by
the use of a Talbot interferometer which consists of two mirrors that reflect the two
first order diffraction beams and produces another interference pattern further way
from the phase mask. This interferometric configuration has the added advantage
of being tunable, since the periodicity of the interference pattern can be changed by
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controlling the angles on the mirrors. Fig. 3.2 illustrates the difference between these
two methods.
3.2 Fabrication
The fabrication system used for the SCF gratings [64] consists of a femtosecond
infrared master oscillator pulse (Coherent Mantis) and a regenerative Ti:Sapphire
femtosecond amplifier (Coherent Legend Elite). Laser pulses of 130 fs pulse width,
800 nm center wavelength, 3.6 W average power and 1 kHz maximum repetition rate
were produced with the possibility of selecting a fraction of the maximum repetition
rate, but maintaining the laser pulse energy constant. A third harmonic generation
unit produces DUV laser pulses of ≈350 fs pulse width and 650 mW average power
centered at 267 nm.
To define the Bragg grating structures, the beam is focused through a 335 mm focal
length cylindrical lens into a Talbot interferometer setup [65, 66] composed of a phase
mask (1065.3 nm periodicity optimized for 267.2 nm wavelength) that splits the beam,
and two computer controlled rotation mirrors, as shown in Fig. 3.3. The first two
diffraction orders from the phase mask are reflected by the mirrors and interfere in
the focal plane of the cylindrical lens, where the fiber is positioned, creating the
standing wave pattern for FBG inscription, while the non-diffracted (zero-order) beam
is blocked. The total transmission efficiencies of the interferometer are 18% and 20% for
the first diffraction orders, and the power density at the fiber position is approximately
47 GW/cm2. The angle of the mirrors together with the phase mask period define the
periodicity of the interference pattern [67, 68].
Contrary to the standard phase mask fabrications setups, this approach provides the
ability to tune the Bragg grating reflection wavelength by varying the angles of the
mirrors, limited by the coherence length and the requirement for parallel pulse fronts
at the target [67]. At the same time, this setup increases the distance between the
phase mask and the fiber, effectively reducing the laser intensity at the mask position
and overcoming the degradation problems in the phase mask discussed before.
To measure the reflected spectrum during fabrication, the SCFs were spliced with
standard single mode fibers (SMFs) using an arc-discharge fusion splicer (Sumitomo
F36). A previous method [69] was modified and optimized for this purpose in order
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Figure 3.3: FBG fabrication system for SCFs, based on two-beam interference with a
DUV femtosecond laser.
to prevent the collapse of the core and the bridges and in order to reduce reflections
and prevent interference with the FBGs signal. The propagation losses in the SCFs is
on the order of tens of dB/km.
The fibers used here are shown in Fig. 3.1 and were manufactured by the Institute of
Photonic Technology (IPHT). The IPHT-256b1 fiber (Fig. 3.1c) has a 5 µm diameter
core and a 135µm diameter cladding, while the IPHT-256b5 fiber (Fig. 3.1b) has a
7.2µm diameter core and a 123 µm diameter cladding. These are considered non-defect
fibers because the core is entirely made of fused silica. On the other hand, the IPHT-
256b2 (Fig. 3.1a) has a 4.9µm diameter core, a defect hollow hole inside the core with
1.4µm diameter and a 106 µm diameter cladding. This hollow hole is considered a
defect when its dimensions are similar to the wavelength and, therefore, small enough
not to affect the single mode propagation while still significantly contributing to the
effective index of the waveguide. The characteristics of these SCFs are summarized in
Table 3.1. The three fibers shown in Fig. 3.1 and described in Table 3.1 were exposed
to the femtosecond DUV radiation for approximately 30 min. The growth of the Bragg
grating resonance was observed in real time and the experiments ended when further
exposure would not produce an increase in the reflection spectrum peak.
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Table 3.1: Suspended core fibers characteristics
SCF name Diameter (µm) Width (µm)
Core Hole Cladding Bridge
IPHT-256b1 5 92 135 1.5
IPHT-256b2 4.9 (1.4)∗ 41 106 1.0
IPHT-256b5 7.2 57 123 0.9
∗Fiber IPHT-256b2 has a hollow hole with 1.4 µm of diameter inside the 4.9 µm diameter core.
3.3 Fiber Bragg Gratings results
Different laser pulse repetition rates, from 333 Hz to 1 kHz, were used in order to
study the fabrication of FBGs in SCFs. It was observed that the rate of growth of
the grating and the maximum achievable grating reflectivity were both proportional
to the repetition rate. This suggests that the cumulative effects of femtosecond laser
pulses plays an important role, together with the single pulse energy in the refractive
index change produced in fused silica.
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Figure 3.4: FBG reflectivity as a function of the exposure time for the IPHT-256b1
fiber, using the laser at 1 kHz and 500 Hz repetition rates.
Fig. 3.4 shows the Bragg grating reflectivity increasing with exposure time for the
IPHT-256b1 fiber. After approximately 25 min, with the laser operating at 1 kHz
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Figure 3.5: Variation of the Bragg wavelength as a function of the exposure time for
the IPHT-256b1 fiber, using the laser at 1 kHz and 500 Hz repetition rates. The
vertical red line indicates when the laser exposures ended.
repetition rate, no further increase in the grating reflectivity was observed. The Bragg
grating resonance increased in wavelength along the exposure time as shown in Fig. 3.5.
Additionally, by blocking the DUV femtosecond laser exposure, there was a sudden
shift in the Bragg wavelength (marked in the plot by the red vertical arrow). The
magnitude of this shift depended mainly on the laser repetition rate, as well as the fiber
type, and was attributed to temperature increase in the fiber during FBG fabrication.
Considering a FBG sensitivity of approximately 10 pm/℃, the wavelength difference
suggests a temperature in the exposed regions greater than 200 ℃ for 1 kHz and
30 ℃ for 500 Hz repetition rates.
In Fig. 3.6, a comparison is shown for the Bragg wavelength variation as a function of
the exposure time between the IPHT-256b2 and the IPHT-256b5 fibers. The same shift
in the Bragg wavelength is observable when the laser is blocked. Here, the temperature
variation was close to 300 ℃ for the IPHT-256b5, and approximately 150 ℃ for the
IPHT-256b2 fiber.
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Figure 3.6: Variation of the Bragg wavelength as a function of the exposure time for
the IPHT-256b2 and IPHT-256b5 fibers, using the laser at 1 kHz repetition rate. The
vertical red lines indicate when the laser exposure ended.
3.4 Effective mode field refractive index
The geometry of the Talbot interferometer, together with the periodicity of the phase
mask, determine the Bragg grating resonant wavelength according to Equation 3.1.
Here, φ is the tilt angle of the mirrors, λB is the Bragg wavelength, and α is defined
by Equation 3.2, where λlaser is the wavelength of the femtosecond laser used for the
FBG inscription and Λpm is the phase mask period.
sin(2φ+ α) = neffλlaser
λB
(3.1)
α = arcsin(λlaserΛpm
) (3.2)
The effective refractive index of the guided mode can be calculated from the measured
Bragg wavelength (λB) and, subsequently, used to predict the tilt angle of the mirrors
(φ) required to obtain a specific Bragg wavelength reflection.
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Figure 3.7: Effective index of the fiber mode for the SCFs as a function of wavelength.
The straight line for Suprasil was calculated based on the Sellmeier coefficients for
pure silica. Courtesy of Martin Becker [64].
The effective index values as a function of wavelength were calculated based on Equa-
tion 3.1 with different tilt angles for the three different SCFs, as shown in Fig. 3.7.
In the same picture the refractive index of pure silica, as determined by the Sellmeier
equation, is shown for comparison. As expected, the effective indices of the SCFs are
smaller than the values for fused silica and the lower values obtained for the IPHT-
256b1 and IPHT-256b2 suggest a significant field overlap with the air holes around
the silica fiber cores.
The confinement factor f of such fibers can be determined by Equation 3.3, where nair
and nsilica are the indices of refraction of air and fused silica, respectively.
neff = (1− f)nair + fnsilica (3.3)
With nair = 1 and nsilica determined by the Sellmeier equation, the confinement factors
found were 0.96 for the IPHT-256b2, 0.98 for the IPHT-256b1, and 0.99 for the IPHT-
256b5. As expected, the confinement factor for the IPHT-256b2 is much smaller when
compared with the other two fibers. This is mostly due to the air hole inside the fiber,
which interacts strongly with the fiber mode, and suggests that this geometry can have
higher evanescent field sensitivity to materials other than air present in the holes.
66 3.5. Temperature and strain sensor
An array of cascaded FBGs with different periods, written at different positions along
a SCF, is shown in Fig. 3.8.
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Figure 3.8: Reflection spectrum of an array of FBGs written in the IPHT-256b5 fiber.
3.5 Temperature and strain sensor
Simultaneous temperature and strain measurements were demonstrated using FBGs
written with the method described in Section 3.2, and two different SCFs. The main
advantage provided by these fibers is the possibility of controlling the temperature
sensitivity using different core geometries.
3.5.1 Theoretical Analysis
The first derivative of the Bragg relation, λB = 2nneffΛ, with respect to temperature T
is given by Equation 3.4, where λB is the Bragg resonance, nneff is the effective index
of the waveguide mode and Λ is the periodicity of the FBG.
dλB
dT
= 2dΛ
dT
nneff + 2Λ
dnneff
dT
(3.4)
The term dλB/dT is the temperature sensitivity of the FBG, and dΛ/dT = ΛαL, where
αL is the linear thermal expansion coefficient. The dnneff/dT term is the thermo optic
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coefficient of the waveguide mode. A similar analysis can be done for evanescent field
sensing [70].
The rewriting of Equation 3.4 by taking into account the thermal expansion coefficient
and the Bragg relation yields:
dλB
dT
= λBαL +
λB
nneff
dnneff
dT
(3.5)
In Equation 3.5 it is clear that the temperature variation has two effects over the
Bragg wavelength shift: the thermal expansion coefficient of the FBG is considered in
the first term, increasing the reflected wavelength with temperature, while the second
term reflects the thermo optic effect, which changes the effective refractive index of the
waveguide mode with temperature. For pure silica, the thermal expansion coefficient,
αL, is 5.5× 10−7 K−1 [71] and the thermo optic coefficient is 8.6× 10−6 K−1 at 300 K
and 1.5 µm wavelength [72]. For air, the thermo optic coefficient is −9 × 10−7 K−1
[73].
In Equation 3.5, the presence of air in the defect located at the center of the core of
the IPHT-256b2 fiber will reduce the overall thermo optic coefficient of the guided
mode, thereby reducing the temperature sensitivity of the FBG when compared to
the IPHT-256b5 fiber. Other materials like water (with a thermo optic coefficient
of −8 × 10−5 K−1 [74]) or isopropyl alcohol (IPA) (with a thermo optic coefficient of
−3.4×10−4 K−1 [75]) will have an even higher effect in reducing the FBG’s temperature
sensitivity. Table 3.2 summarizes the material properties relevant to this work.
The presence of the defect in the IPHT-256b2 fiber will then have a significant con-
tribution to the temperature sensitivity of the written FBG since it will change
the thermo optic coefficient of the waveguide mode. This can be useful to tune
the sensitivity and perform simultaneous temperature and strain sensing, as well as
refractive index sensing with higher sensitivity than that obtained by evanescent field
based measurements.
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Table 3.2: Material properties for suspended core fiber sensor
Material Linear thermal expansion Thermo opticcoefficient, αL (K−1) coefficient, dn/dT (K−1)
Fused Silica 5.5× 10−7 8.6×10−6
Air - - −9×10−7
IPA - - −3.4×10−4
3.5.2 Sensor results
The strain characterization of the fabricated FBGs was performed by carefully at-
taching the fibers to a translation stage with 1µm resolution that was used to apply
tension to the grating region. The grating response to temperature was studied using
a tubular oven with a temperature control error smaller than 0.1 ℃.
Figures 3.9 and 3.10 show the Bragg resonance wavelength and the Bragg resonance
wavelength variation, respectively, as a function of strain (Fig. 3.9) and temperature
(Fig. 3.10) for both IPHT-256b2 and IPHT-256b5 SCFs. The strain dependence
displayed in Fig. 3.9 shows that both fibers have very similar behaviors with strain,
yielding a sensitivity, dλB/d, of (1.15±0.01) pm/µ and (1.14±0.01) pm/µ for the
IPHT-256b2 and IPHT-256b5 fibers, respectively. The thermal sensitivity is clearly
shown to be different by the Bragg resonance wavelength variation, plotted as a
function of the temperature in Fig. 3.10.
Sensitivities of (8.42±0.05) pm/℃ for the IPHT-256b2 fiber with air filling the defect,
and (10.0±0.2) pm/℃ for the IPHT-256b5 fiber were found. If IPA is used in the
IPHT-256b2 fiber defect instead of air, the sensitivity to temperature further decreases
to (3.0±0.1) pm/℃, with the IPA filling not only the central air hole but also the four
lateral air holes in the SCF.
Table 3.3: Experimental sensitivity results
Fiber type Temperature sensitivity Strain sensitivity
dλB/dT (pm/℃) dλB/d (pm/µ)
IPHT-256b5 10.0±0.2 1.14±0.01
IPHT-256b2 (Air) 8.42±0.05 1.15±0.01
IPHT-256b2 (IPA) 3.0±0.1 - -
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Figure 3.9: Bragg wavelength as a function of applied strain for the two fibers tested:
(•) blue circle for the IPHT-256b5 and () green square for the defect IPHT-256b2.
The dashed lines (- -) represent the best linear fit of each experimental data set.
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Figure 3.10: Variation, as a function of the temperature, of the Bragg wavelength
compared to the FBG resonance at the starting temperature of 20 ℃. (•) blue circle
for the IPHT-256b5, () green square for the IPHT-256b2 fiber with air in the hollow
defect and (N) red triangle for the IPHT-256b2 fiber with IPA in the hollow defect.
The dashed lines (- -) represent the best linear fit of each experimental data set.
With the physical constants summarized in Table 3.2 for fused silica and using Equa-
tion 3.5, an approximate theoretical value of 10 pm/℃ (matching typical values
found for fused silica fibers [76]) was found for the temperature sensitivity of the non-
defect IPHT-256b5 fiber, assuming that the thermo optic coefficient in the waveguide
is approximately the same as in bulk fused silica (dnneff/dT ≈ dn/dT ). This result
agrees well with the 10.0±0.2 pm/℃ experimental result. The temperature sensitivity
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variation between the two fibers (from 16% to 70% smaller for the IPHT-256b2 when
compared to the IPHT-256b5) may be accounted for by the difference in the thermo
optic coefficient between fused silica, air and IPA. Using the sensitivity results from
Table 3.3, it is possible to find a solution for a measurement of unknown temperature
and strain based on Bragg grating shift measurements made in both fibers, according
to:
∆λb5 = KT1∆T +K1∆
∆λb2 = KT2∆T +K2∆
(3.6)
∣∣∣∣∣∣ KT1 K1KT2 K2
∣∣∣∣∣∣ = D 6= 0 (3.7)
Here, K is the strain sensitivity, dλB/d, and KT is the temperature sensitivity,
dλB/dT . The determinant of the matrix, D, in Equation 3.7 is different from zero
which proves that a solution of the set of Equations 3.6 is possible. Using the sensitivity
values from Table 3.3, the determinant of the set of equations using the IPHT-256b2
fiber with air in the defect isD = 1.9 pm2µ−1℃−1, while using the same fiber with IPA
in the defect will result in D = 8.1 pm2µ−1℃−1. As it has been demonstrated [77] a
larger determinant value than the one obtained with IPA allows for higher accuracy in
the simultaneous measurement of temperature and strain. The IPHT-256b2 fiber was
also characterized in terms of pressure response, with a 1 MPa of pressure variation
applied, but no measurable shift in the Bragg wavelength was found.
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3.6 Conclusion
The fabrication of cascaded fiber Bragg grating arrays in pure silica suspended core
fibers was successfully demonstrated, using a femtosecond laser and a Talbot interfer-
ometer setup. This interferometric geometry eliminates the limitation introduced by
the high peak laser intensity inherent to traditional FBG fabrication systems, and adds
flexibility since it allows tuning of the Bragg grating reflection wavelength for different
SCF types without the need for different phase masks. The confinement factors found
for these fibers allows the assessment of the amount of overlap between the guided
modes and the hollow holes in the SCFs, which is an important factor for evanescent
field sensing applications.
These sensor results show that the fibers presented can be used to make simultaneous
measurements of temperature and strain. In such a configuration where both fibers
are subject to the same amount of applied tension, both would shift the resonance
by approximately the same amount due to stress, while a variation in the resonance
difference between the two FBGs would account for the temperature change. The
temperature sensitivity dependence in the material filling the defect inside the core
of the defect IPHT-256b2 fiber may be used to tune the temperature sensitivity of a
FBG in such fiber, further increasing the flexibility for sensor design. Furthermore, if
the temperature sensitivity is tuned to be negligible in a certain range, a strain sensor
immune to temperature fluctuations could be demonstrated.
The fact that the hollow hole in the IPHT-256b2 fiber is in the center of the fiber core,
and therefore in the center of the guided mode, makes the sensitivity of a FBG higher
when compared to evanescent field sensing. For a temperature independent refractive
index sensor, two FBGs fabricated in the IPHT-256b2 fiber could be spliced in such a
way that one has the hollow holes sealed while the other has the holes open. In this
case the first FBG would be sensitive to temperature according to the results reported
in Fig. 3.10, while the second FBG would be sensitive to temperature and refractive
index of the material, hence enabling a temperature independent index determination.

Chapter 4
Bragg grating waveguides in
fused silica
Bragg gratings, specifically gratings in waveguide devices, have been shown to have
numerous applications since the invention of the first fiber Bragg gratings (FBGs)
[78]. The Bragg grating waveguides (BGWs) shown in this chapter are Bragg gratings
that simultaneously form a waveguide. Their applications match those of their FBG
counterparts, with the advantage of being fabricated in bulk glass and being integrated
with other components like microfluidics [34], or uniform waveguides, to form more
complex structures. Furthermore, these BGWs are point-by-point written devices and
their modulation (grating) component and their waveguide (average effective index)
component are both achieved in a single fabrication process. This is in contrast to the
standard technique used for FBGs where the grating component is fabricated, typically
by side interferometric illumination [79], after the original background waveguide was
formed.
The gratings presented here can be used as narrow linewidth Bragg mirrors for sens-
ing applications, like temperature or strain sensing [80], in laser structures such as
distributed feedback lasers (DFBs) [10], integrated into optofluidics sensing structures
[81, 82, 83], etc. The improvement of the current system to include enhanced spectral
controls, like the inclusion of chirp and phase-shifts, further upgrades the toolkit of
devices available, opening the opportunity for integration of advanced pulse shaping
features together with the already established functionalities.
73
74 4.1. Background
4.1 Background
The acousto-optic modulator (AOM) was used in the femtosecond laser fabrication
system (Fig. 2.2), as described in Section 2.1, as a fast on/off switch, to enable the
modulation of the femtosecond beam for the fabrication of BGWs. The electrical
AOM modulation electrical signal is computer controlled and synchronized with the
movement of the XYZ motion stages, as shown in Fig. 2.3, by a position-synchronized
output (PSO). This serves the purpose of enabling or disabling the laser beam de-
pending on the sample position, in order to define waveguide segments or gaps.
The AOM can be controlled by either a digital (Neos 21080-2DS) or an analog (Neos
21080-2AS) RF driver; the digital driver was the one most commonly used in this
work and allows for simply switching between on and off states, while the analog
driver allows for the definition of intermediate RF voltage steps which control the
AOM efficiency, and therefore provide variable laser power between the off state and
the maximum power.
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AOM signal
z
y
x
EV
k
EH
EPer
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Figure 4.1: Representation of the BGW fabrication principle.
For the fabrication of uniform BGWs [8], the AOM is driven by a square wave with
a given frequency smaller than the laser repetition rate, producing burst trains of
femtosecond pulses that in turn create volumetric pixels (voxels) of increased refrac-
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tive index. These voxels form an uniformly segmented waveguide with a periodicity
(Equation 4.1) that depends on the ratio between the linear scan speed of the motion
stages, v, responsible for defining the waveguides, and the AOM signal frequency, f .
Λ = v
f
(4.1)
For low repetition rate systems, the ratio between the scan speed and the repetition
rate of the laser can also be used to define a segmented waveguide and produce a Bragg
grating [84]. The duty cycle, which is defined as the ratio between the on time interval
and the period of the modulation signal, is also a key parameter in optimizing the
gratings fabrication. A lower duty cycle increases the contrast between the refractive
index voxels and the surrounding glass which in turn increases the strength of the
Bragg reflection peak. However, the increased grating strength also increases the
propagation losses (specially radiation mode loss, see Fig. 4.2), while a higher duty
cycle provides a closer resemblance to a standard1 waveguide, which has lower loss but
weaker reflection. The grating length is the other parameter that influences the BGWs
strength, as longer gratings will have higher reflection, but also produce higher total
loss. A duty cycle value of 60% has been found [8] to be a good compromise between
the grating strength and the loss, for centimeter long devices. A representation of two
Bragg grating segmented waveguides and a uniform non-BGW waveguide is shown in
Fig. 4.1.
These Bragg structures have similar applications as FBG, while the bulk glass platform
provides an ideal medium for integration towards lab-on-chip devices. For example,
sensing applications, together with microfluidics, have already been demonstrated [82].
With appropriate programming, this technique is capable of controlling the laser power
at the sample location for each index voxel. This capability enables true point-by-point
fabrication capabilities for tailoring the spectral response of BGWs to suit different
needs. Chirped, phase-shifted, apodized, and any combination of segmented structures
can all be fabricated without the need for designing specific phase masks for each
device. This makes this system ideal for prototyping devices with application in signal
processing, temporal pulse shaping, etc.
1A standard waveguide is a non-modulated or unmodulated waveguide. A 100% duty cycle applied
in the fabrication of a BGW would be equivalent to a non-modulated waveguide.
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Figure 4.2 shows the transmission and reflection spectra of a BGW fabricated with
a duty cycle of 60%, a modulation frequency of 500 Hz and a scanning speed of
0.268 mm/s. The transmission dip located to the left (lower wavelength side) of the
main Bragg resonance is due to radiation mode loss, and therefore is not present on
the reflected spectrum.
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Figure 4.2: (a) Transmission and (b) reflection spectra of a BGW. The radiation mode
loss is visible in transmission but not in reflection, as expected. Courtesy of Jason R.
Grenier.
This radiation mode loss follows the same mechanism responsible for the coupling
to cladding modes in FBGs [85, 86, 87, 88], where typically type II gratings produce
significant losses for wavelengths shorter than the Bragg resonance, while transmitting
longer wavelengths [89, 90].
The reflection peak in Fig. 4.2(b) and the transmission depth in Fig. 4.2(a) correspond
to the resonance measured in reflection and transmission, respectively, of the BGW
segmented structure. The resonance corresponds to the Bragg wavelength and can be
calculated based on the Bragg relation shown in Equation 4.2, where λB is the Bragg
wavelength, neff is the effective index of the waveguide mode and Λ is the periodicity
of the BGW, which depends on the fabrication condition obtained from Equation 4.1.
λB = 2Λneff (4.2)
Based on theses conditions (v = 0.268 mm/s and f = 500 Hz), the periodicity of this
BGW, Λ, is 536 nm; this value, together with the measured λB =1550 nm, infers an
effective refractive index, neff , of 1.446.
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The BGWs shown here can therefore be used to determine the chromatic dispersion
characteristics of femtosecond fabricated waveguides, by determining the effective
index as a function of the Bragg wavelength, using Equations 4.1 and 4.2.
Figure 4.3 shows the results, summarized in Table 4.1, of the effective index measured
for BGWs fabricated with different AOM frequencies, compared to the index of re-
fraction of bulk fused silica, determined according to the Sellmeier equation shown
in detail in Appendix B. The Bragg wavelength measurements have an uncertainty
of 0.2 nm, which corresponds to the BGW bandwidth (full width at half maximum
(FWHM)) and produces an average uncertainty of 0.0002 in the effective refractive
index determination over the wavelength range of interest (1300 nm – 1650 nm).
Table 4.1: BGWs dispersion compared to fused silica dispersion.
AOM
frequency (Hz)
Bragg wavelength
λB (nm) ±0.2 nm
Effective index
±0.0002
Fused silica index
(Corning 7980)
595 1305.9 1.4488 1.4469
574 1353.1 1.4482 1.4463
533 1455.6 1.4466 1.4451
500 1550.5 1.4456 1.4440
484 1601.0 1.4449 1.4434
470 1647.9 1.4442 1.4428
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Figure 4.3: Measured effective index of BGWs as a function of wavelength, compared
to the refractive index of fused silica.
78 4.2. Chirped BGWs
4.2 Chirped BGWs
In chirped BGWs, the periodicity of the Bragg structure changes as a function of
the position in the waveguide. This can be achieved by either changing the scanning
velocity, through the application of a constant acceleration to the motion of the sample,
or by changing the AOM frequency as a function of the position along the grating.
The method of accelerating the motion stages has been used in the past [80]; however,
extra loss was introduced. For example, a chirped BGW with a 20 nm bandwidth can
exhibit twice as much propagation loss when compared to a 0.2 nm bandwidth grating
due to the waveguide inhomogeneities created by the acceleration of the motion stage.
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Figure 4.4: Reflected spectrum of (a) uniform BGW and (b) chirped BGWs with
different bandwidths, all fabricated in a 5.08 cm sample. The BGWs in (b) have chirp
rates3 of 1.16 nm/cm, 1.43 nm/cm, and 1.70 nm/cm for the 17 nm, 21 nm, and 25 nm
bandwidth chirps, respectively.
Figure 4.4(a) shows the reflected spectrum of a uniform, non-chirped BGW written
with 0.26815 mm/s scan speed and 500 Hz modulation frequency over a 50.8 mm
long glass substrate side. This combination produces a grating with a period of
Λ = 536.3 nm and a Bragg wavelength of (1550.5±0.2) nm, measured from the spec-
trum of Fig. 4.4(a). The 0.2 nm is the narrowest bandwidth of a uniform BGW repro-
ducible with this method (while probed with unpolarized light). Based on the Bragg
relation in Equation 4.2 and on the measurements and fabrication conditions men-
tioned, the effective index of the waveguide, neff , was calculated to be 1.4456±0.0002.
3The chirp rate is defined as the variation of the grating period per unit length, ∆Λ/∆L.
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To fabricate the chirped BGWs shown in Fig. 4.4(b), the AOM frequency was exter-
nally controlled by a function generator, capable of providing a linear frequency chirp
around 500 Hz with 0.001 Hz resolution. The frequency depends on the main AOM
frequency and on the target bandwidth desired for the chirped BGW, according to the
approximation of Equation 4.3.
∆f ≈ f∆λB
λB
(4.3)
For the chirped BGWs shown in Fig. 4.4(b), with bandwidths of 17 nm, 21 nm, and
25 nm, frequency variations of 5.484 Hz, 6.774 Hz, and 8.065 Hz around the main
modulation frequency of 500 Hz were used, respectively.
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Figure 4.5: Reflected spectrum of chirped BGWs with 10 nm bandwidths probed
in two different directions. (a) Spectrum probed from the waveguide side which
corresponds to the higher period of the chirped grating and (b) spectrum probed
from the waveguide side which corresponds to the lower period of the chirped grating.
The reflectivity of the chirped BGW changes within the grating bandwidth due to the
waveguide loss, and therefore the change with wavelength depends on which side the
waveguides are probed from. Figure 4.5 shows the responses of a 10 nm bandwidth
BGW fabricated with a linear frequency chirp of 3.226 Hz centered at 500 Hz, that
produced a grating with a period variation of (3.46±0.07) nm. In Fig. 4.5(a) the
waveguide is probed from the side of the sample corresponding to the high wavelength
side of the spectrum, while in Fig. 4.5(b) the probing is done from the opposite side,
corresponding to the low wavelength side of the spectrum.
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The difference observed in the absolute value of the slope between the two chirped
structures in Fig. 4.5 is due to the contributions of radiation mode loss, which occurs at
the short wavelength side of the spectrum (Fig. 4.2): while the spectrum in Fig. 4.5(a)
is affected by both propagation losses and radiation mode loss (causing the nonlinearity
in the slope), the reflection in Fig. 4.5(b) is only affected by the propagation losses.
To confirm the origin for this asymmetry, we can evaluate the propagation loss, using
the values of the slope m from Fig. 4.5(b), the device length, L = 50.8 mm, and the
grating bandwidth, ∆λ = 10 nm, according to Equation 4.4.
α = m∆λ2L (4.4)
The value found for the propagation loss was α = 0.63±0.03 dB/cm, which com-
pares well with the 0.7 dB/cm obtained by the fiber coupling method, described in
Section 2.3, for this device.
This point-by-point spectrum control can be used for pulse shaping applications. The
chirped BGW shown in Fig. 4.5 was used to demonstrate the first integrated temporal
Fourier transformer produced in bulk fused silica glass with a femtosecond laser [91].
The temporal Fourier transformer relies on the fact that the phenomena of paraxial
(Fresnel) diffraction of monochromatic optical beams and narrow-band dispersion of
optical pulses [92] can be described by mathematically identical equations.
It is thus possible to achieve effects similar to those that exist in space in the temporal
domain. Using the first-order chromatic dispersion introduced by the chirped BGW,
it is possible to map the energy spectrum of the input optical signal to the output
temporal waveform.
Real-time Fourier transformation based on linear dispersion can be used for real-
time optical spectrum measurements [93, 94], temporal magnification of broadband
waveforms [95], high-frequency arbitrary microwave waveform generation [96], real-
time spectroscopy [97], complex-field characterization of low intensity ultrafast optical
waveforms [98], and programmable optical pulse shapers with ultrahigh update rates
[99].
A simulation of the reflectivity and group delay of the chirped BGW is shown in
Fig. 4.6(b, c), respectively, obtained by the transfer matrix method and accounting
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for the known propagation loss. The refractive index of the grating is represented by
Equation 4.5.
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Figure 4.6: (a), (b) Reflectance spectra of a chirped BGW: (a) measured (Rmeas), (b)
simulated (Rsim). (c) Simulated group delay of the chirped BGW. (d)–(f) Simulated
incident spectra (- - red dashed lines) and reflected temporal waveforms (- - blue dashed
lines): (d), (f) for in-phase and (e) pi-phase shifted incident pulses. The simulation
results shown in (d), (e) and (f) correspond to the experimental data presented in
Figs. 4.8(a), 4.8(b), 4.8(c), respectively. Courtesy of Ksenia Dolgaleva [91].
n(z) = neff + η(ndc + nac[1 + cos(θ(z))]) (4.5)
Here, θ(z) is related to the position-dependent period of the grating Λ(z) according to
Λ(z) = 2pi/(dθ(z)/dz); neff = 1.4452 is the effective refractive index of the mode of the
waveguide in the absence of the periodic index modulation of the grating; ndc = 10−2
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and nac = 2.83× 10−3 are the dc refractive index change and the amplitude of the ac
refractive index variation in the BGW core, respectively; and η = 0.06 is the fraction of
the modal power within the waveguide core boundaries. A linear dispersion coefficient
of Φλ ≈ 48 ps/nm was found from the simulated group delay.
By using the reflection spectrum of the 10 nm band chirped BGW, a temporal Fourier
transformer operation can be accomplished for pulses as short as 20 ps [100]. The
experimental demonstration of this application was done by colleagues in the Institut
National de la Recherche Scientifique (INRS) using the fourier transform spectral in-
terferometry (FTSI) technique [101] and measuring intensity and phase of the reflected
waveform. This technique does not provide real-time measurements like others [102],
but requires less reflected power when compared to other techniques [103, 104].
Figure 4.7: Experimental setup for the measurement of pulse shaping with a chirped
BGW. Courtesy of Ksenia Dolgaleva [91].
The experimental setup for this demonstration is shown in Fig. 4.7, and consists of a
tunable passively mode-locked fiber laser source with a switchable optical bandpass fil-
ter (OBPF), which generates pairs of in-phase and pi-phase shifted pulses. These pulses
are coupled into the chirped BGWs and the reflected output is recorded (Fig. 4.8).
Figures 4.8(a, b) show the spectra of the incident and reflected signals for a 5 nm OBPF
with the scaled temporal reflected signals for the in-phase and pi-phase shifted pulse
cases, respectively. Figure 4.8(c), shows the spectrum with a 3 nm filter in the fiber
source for the reflected signal and the scaled temporal waveform for in-phase pulses.
The pulse duration was ≈1.2 ps while the output temporal duration was ≈150 ps.
Figure 4.8(d) shows the reconstructed phase of the reflected signal, and demonstrates
the waveform Fourier transform operation.
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The simulation results are in agreement with the experimental results, as demonstrated
by the comparison between the simulated reflected temporal waveforms and the inci-
dent spectra shown in Fig. 4.6(d, e, f), which correspond to the results presented in
Fig. 4.8(a, b, c).
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Figure 4.8: Incident (– solid red curve) and reflected (- - dashed green curve) spectra
superimposed on the scaled oscilloscope traces of the output temporal waveforms (–
solid blue curve), obtained with a 5 nm OBPF: (a) for the in-phase incident pulses
and (b) for the pi-phase shifted incident pulses. (c) Spectrum (- - dashed green curve)
and the scaled temporal waveform (– solid blue curve) of the reflected in-phase double
pulse signal reconstructed through FTSI, obtained with a 3 nm OBPF. (d) The phase
of the reflected signal reconstructed through FTSI. Courtesy of Ksenia Dolgaleva [91].
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4.3 Phase-shifted BGWs
For the introduction of phase shifts in the BGW and the definition of phase shifted
Bragg grating waveguides (PSBGWs), the AOM signal can be modified in two ways.
The position-synchronized output (PSO) can be used directly, taking advantage of the
features available in the Aerotech ABL1000 motion stage, or the AOM signal can be
computer controlled externally in the same way the function generator was used to
fabricate the chirped BGWs. By using the PSO features of the motion stage, a precise
phase shift can be introduced anywhere along the waveguide structure. But there are
systematic errors in the PSO system that make the designed time shift to translate into
a real time shift at the sample position that depends on the grating length. For this
reason, for different BGW lengths, a separate compensated shift parameter has to be
found to provide the desired result. The PSO is also limited in the number of grating
features that can be included at the same time to define the BGW structure, which
may be challenging for the fabrication of more complex gratings, like the ones required
for the inclusion of phase shifts together with chirp. These limitations can be overcome
by externally generating the AOM signal, and using the PSO only to provide trigger
signals to start and stop each waveguide fabrication. With this approach, virtually
any AOM amplitude signal as a function of time (or sample length) can be defined
and used for the fabrication of complex structures4.
Furthermore, the development of externally computer controlled AOM signals offers
more flexibility for fast prototyping, which can open the door to point-by-point fabri-
cations of structures that are traditionally difficult to obtain with standard lithography
fabrication techniques, and that typically require the fabrication of expensive phase
masks, specifically designed and manufactured for a single structure.
In order to demonstrate the fabrication capabilities of this system, gratings with
different phase shifts (pi2 , pi and
3pi
2 ) were fabricated and their reflection spectra are
shown in Fig. 4.9. Both reflection and transmission spectra are shown in Fig. 4.10, for
another experimental sample.
For Fig. 4.9, the fiber characterization system described in Section 2.2 (Fig. 2.6) was
used with the addition of polarization control paddles and an in-fiber polarizer, in
4The PSBGWs demonstrated in this chapter were fabricated using the two techniques described
above and the results were similar, confirming that the only difference between the two approaches
was the flexibility and fast prototyping capabilities that the latter approach provided.
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Figure 4.9: Reflection spectra for 2.54 cm long PSBGWs with phase shifts in the
middle of the waveguide with values of (a) pi-phase shift, (b) pi2 phase shift, and (d)
3pi
2
phase shift.
order to record the spectrum with the optical spectrum analyzer (OSA) at 0.01 nm
resolution and with polarization control5.
Figure 4.9 confirms the existence of transmission peaks within the gratings stopbands,
with their position depending on the magnitude of the phase step. These peaks
have the same approximate bandwidth as the OSA resolution and, therefore, a higher
wavelength resolved measurement technique should be used in order to gain sufficient
knowledge about these features. For this reason, Fig 4.10 was recorded using the same
fiber characterization system, but using a tunable laser system with 1 pm resolution.
More advanced features are demonstrated in Fig. 4.12, where five cascaded pi-PSBGWs
were combined in order to obtain a rectangular shaped passband. The pi-shifts were
positioned along the BGW between six segments with length ratios of 1:2:2.17:2.17:2:1
following the design presented in [106]. A schematic of this design is shown in Fig. 4.11.
This structure was theoretically predicted to have a passband ripple of 0.3 dB and
a quality factor of 0.85 [106]. The quality factor is defined as the ratio between the
bandwidths measured at -1 dB and - 10 dB, s = B−1
B−10
(s = 1 for a perfect, rectangular
shaped filter). The performance of the BGW transmission (Fig. 4.12(a)) and reflection
5The birefringence present in the PSBGWs is on the order of the linewidth of the features shown
in Fig 4.9. In order for these features to become apparent, linearly polarized light aligned with the
polarization eigenmodes of the waveguides had to be used. This birefringence will be explained in
more detail in Section 4.4.
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Figure 4.10: Transmission (blue curve: a, b and c) and reflection (green curve: d, e
and f) spectra for PSBGWs with (a, d) pi-phase shift, (b, e) pi2 phase shift, and (d, f)3pi
2 phase shift. Courtesy of Jason R. Grenier [105].
(Fig. 4.12(b)) spectra showed a passband ripple of 0.46 dB and a quality factor of 0.7,
which was 3.5 times larger than the quality factor obtained for single pi-PSBGWs.
The measurements performed on all PSBGWs and shown in Fig. 4.10 and Fig. 4.12
were obtained by using linearly polarized light (aligned with the vertical, V , polariza-
tion eigenmode). This was done because the birefringence present in the waveguides
fabricated in fused silica by our femtosecond writing technique prevents the observation
of the sharp spectral features of these devices. Furthermore, these sharp features
may also be used to measure the waveguide birefringence by comparing the Bragg
wavelengths obtained with linearly polarized probe light in the polarization eigenmodes
of the sample. Figure. 4.13(a) shows the reflected spectra of a pi-PSBGWs measured
with light polarized in the horizontal, H, and the vertical, V , directions. From the
polarization split observed in this figure, a birefringence value of (7.5±0.3)×10−5 was
inferred from the 80±3 pm wavelength difference measured.
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Figure 4.11: Schematic of a BGW with five cascaded pi-shifts.
Figure 4.12: Spectra measured with vertically polarized light for transmission (a) and
reflection (b) of a BGW with five cascaded pi-phase shifts. Courtesy of Jason R.
Grenier [105].
Figure 4.13: (a) Reflection spectra of a pi-PSBGWs measured with vertical, V , (blue
solid line) and horizontal, H, (green dashed line) polarized light. (b) V polarized
reflection spectrum of the pi-PSBGWs transmission line with a bandwidth of 22±3 pm
measured at the 3 dB point. Courtesy of Jason R. Grenier [105].
All spectra were measured using the free-space setup described previously and with a
swept wavelength system (JDS Uniphase SWS2000, which has a spectral resolution of
3 pm), and a detector (instead of the broadband source and the OSA).
88 4.4. Birefringence measurements
4.4 Birefringence measurements
One of the key applications found for the BGWs in this work was the measurement
of waveguide birefringence. The Bragg wavelength is dependent on the effective
index of the waveguide mode (Bragg relation 4.2). Almost all the waveguides studied
were shown to be single mode; however, they are also birefringent. Because of that
birefringence, there is a polarization degeneracy in the fundamental waveguide mode,
which in turn produces two Bragg reflections instead of one. If the birefringence is of
the same order of magnitude, or larger, than the BGW bandwidth then this degeneracy
becomes clear even when spectrally probing a BGW with unpolarized broadband light.
Figure 4.14: (a) BGW transmission spectra and (b) pi-PSBGW reflection spectra,
probed with unpolarized light, U , vertical, V , and horizontal, H, linearly polarized
light.
A complete algorithm used to automatically determine the birefringence from the
wavelength split of the two recorded transmission or reflection polarization eigenmodes
is described in detail in Appendix A.
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4.5 Conclusions
The femtosecond BGW writing technique was further improved, building on already
established procedures, with computer controlled AOM modulation for the fabrication
of chirped and phase-shifted Bragg gratings. This point-by-point fabrication technique
has the ability to produce first order grating structures due to the temporal resolution
provided by the AOM modulation, and to the spatial resolution provided by the non-
linear absorption process. These devices have proven to be excellent tools for sensor
applications and also for the measurement of waveguide birefringence, where the ab-
solute results obtained complement and provide a clear advantage in comparison with
more standard techniques, which produce degenerate results and phase ambiguities.
The radiation mode loss found for strong BGWs is currently being explored for the
design of integrated edge filter devices, while the Bragg grating writing system was
demonstrated for fabrication in the cladding of optical fibers [107].
Devices were successfully used for pulse shaping applications [91], demonstrating the
ability to implement a temporal Fourier transformer, in both amplitude and phase, of
picosecond optical pulses, enabling the opportunity to explore more complex ultrafast
pulse processing devices.
Phase-shift BGWs were demonstrated [105, 108] with sharp features from pi-shift
gratings with bandwidths as small as 22 pm. This precise control may enable the design
of high resolution sensors or the ability to perform integrated temporal differentiation
of optical signals [109].

Chapter 5
Birefringent waveguides in fused
silica
In this chapter, the waveguide birefringence1 was explored for the development of
functional polarization devices, such as polarization beam splitters and wave retarders.
The effects of the laser interactions with the material and the origins of the bire-
fringence were studied and the presence of nanogratings, formed in the waveguide core
and oriented perpendicularly to the writing laser polarization, was found to contribute
strongly to the waveguide birefringence, depending on their orientation with respect to
the waveguide writing direction. The introduction of stress inducing laser modification
tracks was employed for further birefringence control.
1The birefringence is defined as the difference between the index of refraction between two
eigenaxes of polarization. For the purpose of this work, the birefringence will be the difference
between the effective index of two waveguide polarization eigenmodes and referred to as ∆n or ∆neff .
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5.1 Background
Directional couplers with a low polarization dependence have been demonstrated
in borosilicate glass (Corning Eagle2000) [6], where heat accumulation effects have
been shown to yield low birefringence waveguides [23]. In fused silica, however, heat
accumulation effects do not occur for the same laser writing conditions found to be
optimum in borosilicate glass, leading to less symmetric waveguides where stresses have
been found to affect the birefringence and the waveguides loss [42, 110, 111]. Further,
waveguides fabricated in fused silica show birefringence that depends strongly on both
the polarization and the intensity of the writing beam [112]; in addition, it has been
shown that there is a strong correlation between the laser induced nanogratings and
the waveguide form birefringence [113, 114, 115].
The strong induced birefringence created by the nanograting effects has already been
explored in bulk glasses and used for the formation of computer generated holograms
[116, 117], polarization diffraction gratings [118], birefringent elements [119], and the
use of this technology for 5D optical storage has been suggested [120].
Fused silica is the material of choice for telecommunication and other optical applica-
tions due to its high transmission and stability. Hence, understanding and controlling
the formation of nanogratings is essential if we are to exploit polarization control
in three-dimensional integrated circuits. By carefully controlling the laser exposure
parameters, such as pulse energy, scanning speed and polarization, the waveguide
birefringence can be controlled and applied to fabricate polarization dependent devices.
Such devices have recently been proposed [121] for application in integrated quantum
entanglement experiments [122, 123], where beam splitters have been formed in bulk
fused silica or borosilicate glasses as an alternative to lithographic processing of silica-
on-silicon optical circuits [124].
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5.2 Wave retarders
In this section, a controlled polarization retardance in the 1250 nm to 1650 nm
wavelength region is demonstrated using waveguides and Bragg grating waveguides
(BGWs) fabricated with the methods described in Section 2.1. Such devices open
the possibility to integrate, using a single fabrication step, polarization splitters and
waveguide wave plates in bulk glass, paving the way for more complex and highly stable
polarization devices to be integrated into three-dimensional optical circuits. Such
polarization control is further required for differential polarization phase-shift keying
in optical communication [125], quantum key distribution [126, 127] for cryptography
applications and quantum computing [128].
5.2.1 Fabrication
The waveguides were fabricated using the femtosecond laser fabrication system de-
scribed in Section 2.1. Exposure conditions tested were 300 fs pulse width, 500 kHz
repetition rate and pulse energy between 80 nJ and 200 nJ at λ = 522 nm center wave-
length. The beam was focused 75µm below the surface of the fused silica substrates
(Corning 7980, 50.8 mm × 25.4 mm × 1 mm with all faces optically polished) with
a 0.55 NA aspheric lens. The sample was scanned at a constant speed of 0.27 mm/s,
producing 24.5 mm long waveguides parallel to the short edge of the substrate.
The writing beam polarization state at the focus was oriented with a half-wave plate
in the laser path to be either parallel (along the y-axis) or perpendicular (along the
x-axis) with respect to the scanning direction as shown in Fig. 5.1, manipulating the
form birefringence induced by the laser generated nanogratings.
BGWs were fabricated with the same laser exposure setup and with the addition of
the acousto-optic modulator (AOM) in the laser path, as described in Chapter 4. The
AOM frequency was varied from 595 Hz to 470 Hz to provide tuning of the waveguide
Bragg reflection peak from 1300 nm to 1650 nm.
5.2.2 Characterization methods
The birefringence of the waveguides was determined by two complementary techniques
both using free space, end-fire coupling of broadband light into the end facet of the
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Figure 5.1: Schematic diagram of the waveguide fabrication, where ~EPar and ~EPer
represent the parallel and perpendicular polarizations of the writing laser, respectively.
~EV and ~EH indicate the electric field orientation of Vertical, V , and Horizontal, H,
waveguide polarization modes, respectively.
waveguide with an aspheric objective lens (New Focus, 30×, 0.4 NA) according to the
the setup shown in Fig. 2.7.
In the first approach, the spectral splitting of the Bragg resonance in the BGWs was
measured between the two perpendicular polarization modes, vertical, V (along the
z-axis, slow axis, corresponding to the TM mode), and horizontal, H (along the x-
axis, fast axis, corresponding to the TE mode), as defined in Fig. 5.1. The spectral
splitting was measured by coupling a broadband light source (Agilent 83437A, 1250 nm
to 1700 nm) to the waveguide and recording the light transmitted, reflected, or both,
using an optical spectrum analyzer (OSA), Ando 6317B, set at 0.01 nm resolution.
The polarization was controlled by rotating a broadband polarizer (Thorlabs LPNIR).
Following the Bragg relation λB = 2neffΛ, where λB is the reflected Bragg wavelength,
neff is the effective index of the mode and Λ is the period of the grating, one can obtain
the waveguide birefringence, ∆neff = neff,V − neff,H , according to Equation 5.1.
∆neff =
∆λB
2Λ (5.1)
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Here, ∆λB is the difference between the Bragg resonance of the vertically and horizon-
tally polarized modes which are the eigenmodes of the waveguide. The algorithm used
for the extraction of the birefringence value from the recorded spectra is described in
detail in Appendix A.
A second, more accurate measurement of the waveguide birefringence was made by
using the crossed polarizers method. A broadband unpolarized light source was
launched into a waveguide after passing a linear polarizer oriented at 45◦ with respect
to the x-axis (Fig. 5.1); an OSA, set to a resolution of 2 nm, measured the waveguide
output after passing a second broadband linear polarizer in two orthogonal orientations
(45◦ and 135◦).
The total waveguide output power, Po = Ppm + Pcm, is split into parallel power Ppm
and crossed power Pcm components measured at the respective 45◦ and 135◦ analyzer
positions, which depend on the waveguide retardance, δ (Equation 5.2), according to
Equation 5.3 and Equation 5.4 where the normalized powers Pp and Pc are defined.
δ = 2piL
λ
∆neff (5.2)
Pp =
Ppm
Po
= 12(1 + cos δ) (5.3)
Pc =
Pcm
Po
= 12(1− cos δ) (5.4)
A similar birefringence analysis was presented in [112]. The retardance introduced
by the waveguide can then be determined from Equation 5.5 within an ambiguous
phase order of m = 0, 1, 2, 3, ... to yield the birefringence, ∆neff , as calculated by
Equation 5.6, where, λ is the wavelength and L is the waveguide length.
δ = ± arccos(Pp − Pc) +m2pi (5.5)
∆neff =
λδ
2piL (5.6)
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The m2pi phase ambiguity and the ± sign in the arccosine function of the crossed
polarizers method (Equation 5.5) can be solved by the less precise method of Bragg
grating resonance splitting (Equation 5.1) which scales linearly with the waveguide
birefringence.
To assess the various contributions to the total waveguide coupling and propagation
loss, the intensity profile of the modes propagating in the waveguides was recorded
by launching light from a tunable laser (Photonetics Tunics-BT) with a single mode
fiber (SMF) into the waveguides and imaging the output onto a charge-coupled device
(CCD) camera (Spiricon SP-1550M) through a 60× magnification lens.
5.2.3 Results
Laser exposure conditions in a range of 90 nJ to 160 nJ pulse energy for parallel
writing polarization yielded waveguides with moderately low propagation losses, α,
(0.3 dB/cm to 1.4 dB/cm) with a mode field diameter (MFD) that matches quite
well to the 10.4µm MFD of a SMF-28 fiber as indicated in Table 5.1. Table 5.2
summarizes the waveguide data for writing with perpendicular laser polarization;
similar values of MFD were obtained but with 6-fold increase in propagation loss
for the best waveguides. The propagation losses were adjusted for the small mode
mismatch loss shown in Table 5.1 and Table 5.2. The difference between the MFD
for vertical and horizontal polarized modes is below the 0.5µm uncertainty of the
measurements.
Table 5.1: Waveguide properties for various pulse energy exposure conditions for
parallel polarization of the writing laser
Pulse Energy (nJ) MFD (x, y) (µm) Coupling loss (dB) Propagation loss,
α (dB · cm−1)
90 11.2, 11.7 0.04 1.4
130 9.0, 10.2 0.05 0.3
160 8.5, 10.2 0.09 0.6
Figure 5.2 shows the transmission spectra of two BGWs written with parallel (along y-
axis) and perpendicular (along x-axis) polarization of the writing laser and spectrally
probed with vertical (along z-axis) and horizontal (along x-axis) input polarized light.
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Table 5.2: Waveguide properties for various pulse energy exposure conditions for
perpendicular polarization of the writing laser
Pulse Energy (nJ) MFD (x, y) (µm) Coupling loss (dB) Propagation loss,
α (dB · cm−1)
90 Poor guiding Poor guiding Poor guiding
130 11.1, 11.8 0.04 2.4
160 12.1, 12.7 0.14 1.9
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Figure 5.2: Transmission spectra of two BGWs written with parallel (a) and
perpendicular (b) polarizations of the writing laser with 160 nJ pulse energy and
probed with vertical polarized light (– blue solid line) and horizontal polarized light
(- - red dashed line).
The birefringence present in the waveguides, ∆neff , can be calculated directly from the
spectral splitting, ∆λ, from Equation 5.1. Birefringence values of (4.7 ± 0.5) × 10−5
and (1.7 ± 0.1) × 10−4 were found for the examples in Fig. 5.2 for parallel and
perpendicular writing laser polarizations, respectively. The BGWs spectral response
was relatively strong, introducing up to a 30% discrepancy between the birefringence
values calculated with the BGW splitting method on segmented waveguides and the
values determined with the crossed polarizers technique on continuous waveguides.
For the 1550 nm BGWs resonance, the perpendicular polarization of the writing laser
induces a larger birefringence due to the strong form birefringence associated with
this nanograting orientation, as well as a higher propagation loss, as can be seen by
comparing Table 5.1 with Table 5.2.
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Figure 5.3: Normalized spectrum for Pp (– blue solid line) and Pc (- - red dashed
line) for (a) parallel and (b) perpendicular polarizations of the writing laser with
160 nJ pulse energy and for 45◦ linearly polarized input light. The λ/4 and λ/2
markers indicate wavelengths where the waveguide behaves as quarter-wave and half-
wave retarders.
Figure 5.3 shows the measured values of the normalized transmission for the parallel
(Pp) and crossed (Pc) powers using a 45◦ linear polarized input. The values for the
transmitted power, Pp and Pc, measured with the crossed polarizer technique and
calculated using Equation 5.3 and Equation 5.4, respectively, are shown in Fig. 5.3
as a function of the wavelength. The waveguides operate as half-wave retarders, as
indicated in the figure when the value of Pc is 1 and the value for Pp is 0 for linearly
polarized input light along a 45◦ orientation in respect to the eigenaxes. The quarter-
wave retardation conditions are also identified for the case when both Pp and Pc
are equal (0.5 in Fig. 5.3). For parallel polarization writing (Fig. 5.3(a)) a half-wave
retarder behavior is noted at 1513 nm and a quarter-wave retarder is noted at 1365 nm.
Strong form birefringence in the perpendicular polarization case (Fig. 5.3(b)) yields a
half-wave retarder at 1467 nm and three quarter-wave retarders at 1400 nm, 1530 nm,
and 1646 nm.
Fig. 5.4 shows, as an example, the solutions of Equation 5.6 for the case of perpendicu-
lar writing polarization with 160 nJ of pulse energy and form between 2 and 5. The red
circles (•) represent the results obtained using four BGWs with different periodicity
and indicate the correct choice for the birefringence from the crossed polarizers method,
as highlighted by the broadened yellow line.
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Figure 5.4: Results from the crossed polarizers method and from the Bragg grating
waveguide shift method for a 25.4 mm long waveguide. The various lines represent
the ambiguous birefringence values obtained from the crossed polarizers method, with
values of m equal to 2, 3, 4, and 5. Each of these is split into two lines due to the
± sign ambiguity of the arccosine function. The red circles (•) represent the results
obtained using four BGWs. The highlighted line is the correct birefringence result.
Birefringence values assessed from the Bragg grating polarization splitting are plotted
across the 1300 nm to 1650 nm spectrum in Fig. 5.5(a) together with the birefringence
values calculated from Equation 5.5 and Equation 5.6 from the data of the crossed
polarizers technique in Fig. 5.3.
The phase ambiguity of Equation 5.5 was resolved definitively by adjusting the sign
and order, m, for all wavelengths to match the calculated data with the Bragg grating
data. The ≈ 1 × 10−5 discrepancy between the data from the two methods, which
is attributed to the physical difference of continuous versus segmented waveguides, is
smaller than the phase adjustment (sign and order m) discrepancy of up to 5× 10−5
in birefringence, thus providing non-ambiguous phase determination for the crossed
polarizers data.
There is a significant difference in the birefringence values ranging from 1 × 10−5 to
5 × 10−5 for parallel writing, in contrast with values of 1.6 × 10−4 to 2.2 × 10−4 for
perpendicular writing laser polarizations (160 nJ pulses at a constant scanning speed
of 0.27 mm/s were used in both cases).
Figure 5.5(b) demonstrates the strong dependence of waveguide birefringence on the
laser pulse energy for the parallel polarization exposure. The birefringence is higher
(7 × 10−5) at lower exposures (90 nJ and 110 nJ); however, the trend over a larger
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spectrum suggests that the waveguide birefringence reaches a maximum at a specific
wavelength that shifts towards lower values for decreasing laser pulse energies.
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Figure 5.5: Birefringence as a function of the wavelength for (a) perpendicular and
parallel polarizations of the writing laser with 160 nJ pulse energy and 0.27 mm/s
scanning speed (averaged over 5 samples) and (b) various laser pulse energies for
parallel polarized writing at 0.27 mm/s scanning speed.
The minimum length required for a quarter-wave or a half-wave retarder can be found
from Equation 5.7, where neff(λ) is the wavelength dependent birefringence shown in
Fig. 5.5.
LQWP(λ) =
λ
4∆neff(λ)
; LHWP(λ) =
λ
2∆neff(λ)
(5.7)
Furthermore, the minimum length equations can also provide insight for the design
of broadband wave plates. If the relative variation of birefringence is the same as the
relative variation of wavelength (Equation 5.8), then there is a length, L, for which
the retardance is constant and given by Equation 5.9, with WP representing the wave
retarder type (WP = 1/2 for a half-wave and WP = 1/4 for a quarter-wave plate).
d∆neff
∆neff
= dλ
λ
(5.8)
L = WP λ∆neff
(5.9)
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For waveguides fabricated with 110 nJ of pulse energy (Fig 5.5(b)), the condition of
Equation 5.8 is met for a band between 1250 nm and 1315 nm, as shown in Fig 5.6.
Across this band the length is constant and the retardance variation (phase variation)
was measured to be better than ± 0.005 rad.
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Figure 5.6: Waveguide length required for quarter-wave and half-wave retarders as a
function of wavelength (written with 110 nJ pulse energy).
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Figure 5.7: Polarization analyzer response of a quarter-wave ( blue square) and a
half-wave retarder (• red circle) response of a 25.4 cm long waveguide fabricated with
parallel polarized 160 nJ pulses.
Using a 5 mW linearly polarized broadband source oriented at 45◦, the waveguide
characterized in Fig. 5.3(a) was analyzed with a linear polarizer as a function of angle
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yielding the quarter-wave and the half-wave behavior plots at 1365 nm and 1513 nm,
respectively, as shown in Fig. 5.7.
The 95% to 100% power variation at 1365 nm is very close to the ideal quarter-wave
plate operation, while the output at 1513 nm shows the expected sinusoidal power
variation with linear polarized light output at 3pi/4 angle having 35 dB contrast to
the power measured with orthogonal polarization at pi/4 angle.
5.2.4 Discussion
As shown in Fig. 5.5, the waveguide birefringence varies strongly with wavelength and
this can favor the fabrication of broadband wave retarders. Such a device requires a
linear increase in the birefringence (∆neff) with respect to the wavelength such that
the retardance (δ) remains constant over a given band. This condition is available
for the case of 110 nJ pulse energy in Fig. 5.5(b), where a half-wave plate can be
implemented with a 9.06 mm long waveguide and a quarter-wave plate with a 4.53 mm
long waveguide, with an expected 65 nm band centered at 1283 nm and within a phase
variation of ± 0.005 rad. Further tuning of the exposure condition may allow us to
broaden and extend such wave plates to other spectral windows. The wave plates were
heated from 20 ℃ to 70 ℃ with no measurable change in birefringence. Therefore,
the wave plates are stable for probe intensities low enough not to produce significant
changes in temperature.
For the present 25.4 mm long waveguides, the wave retarders formed with parallel
polarization of the writing laser were zero-order (m = 0 Fig. 5.7), while the retarders
fabricated with perpendicular polarization of the writing laser were third-order and
fourth-order wave plates. In the former case, the total insertion loss of the device was
1.5 dB, while in the latter case, a zero-order half-wave retarder would only require
approximately a 4 mm long waveguide at 1550 nm wavelength, which would result in
a much more favorable 0.8 dB insertion loss. Therefore, perpendicular polarization of
the writing beam is preferred for making more compact and lower loss wave plates, but
this advantage may be less favorable depending on the laser pulse energy (Fig. 5.5(b))
and the required MFD of the waveguide, which is also dependent on the laser pulse
energy.
More generally, the data presented here demonstrate that quarter-wave and half-wave
plate waveguides can be optimized for a given wavelength to offer low loss, mode
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matching, and short device length. With femtosecond fabrication, it is possible to
insert specific retardance on-the-fly at key positions in optical circuits, or produce low
and high birefringence waveguides for arbitrary tuning of its polarization dependence
characteristics.
5.3 Polarization beam splitters
Integrated beam splitters in fused silica and borosilicate glass substrates have been
used to demonstrate the potential for femtosecond written optical components to mea-
sure entangled photons [122, 123] that may be essential in quantum computation and
other application areas such as quantum key distribution [126] and differential polar-
ization phase-shift keying for optical communication systems [125]. A key requirement
for that objective is the development of highly stable polarization splitting optics that
can be integrated into three dimensional optical circuits. This section describes how
birefringent waveguides can be used to implement a polarization splitting directional
coupler with spectral responses designed for wavelength division multiplexing (WDM)
operation in the C and L telecom bands.
5.3.1 Theoretical analysis
A schematic of the directional couplers developed is shown in Fig. 5.8. The coupling
ratio r of a directional coupler is defined in Equation 5.10, where P1 and P2 are the
powers measured at the output ports (input arm and opposite arm, respectively).
r = P2
P1 + P2
(5.10)
The coupling ratio follows the relation for symmetric coupling in Equation 5.11, where
K is the coupling coefficient, φ is the phase accumulated in the bending regions of the
directional coupler, and L is the length of the coupling region. K and φ are both
wavelength and polarization dependent; therefore, r will also be dependent on the
wavelength.
r = sin2(KL+ φ) (5.11)
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To develop a high extinction ratio polarization beam splitter, a large difference between
the coupling ratios of the orthogonal polarization modes is required. This difference is
given by a polarization splitting contrast factor, ∆r = |rV −rH |. Using Equation 5.11,
this contrast factor expands to:
∆r = | sin[(KV −KH)L+ φV − φH ] sin[(KV +KH)L+ φV + φH ]| (5.12)
where rV and rH are the coupling ratios for vertical and horizontal polarized light,
respectively. Suitable values for L and λ can be found to maximize the polarization
splitting contrast factor in Equation 5.12 once appropriate values for the vertical po-
larization (KV and φV ) and horizontal polarization (KH and φH) coupling coefficients
have been engineered in the waveguide writing procedure.
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Figure 5.8: Schematic diagram of the polarization beam splitter. EV and EH
indicate the electric field orientation of Vertical, V , and Horizontal, H, polarized
light, respectively.
5.3.2 Fabrication
The femtosecond laser system used for the fabrication of the directional couplers was
described in Section 2.1. The second harmonic beam at λ = 522 nm with a 300 fs
pulse duration was focused into the fused silica glass to a 1.6µm spot diameter (1/e2
intensity) in a plane 75 µm below the surface with a 0.55 NA aspheric lens. Low
loss optical waveguides were generated with a 150 nJ pulse energy while scanning the
sample at a constant speed of 0.27 mm/s. The writing beam polarization state at
the focus was linear and oriented to be parallel or perpendicular with respect to the
scanning direction by using a half wave plate. These exposure conditions yielded a
MFD of 9.6µm x 9.0µm for polarization parallel to the scanning direction, which
closely matches the circular MFD of a single mode fiber (10.4µm), yielding very
low coupling loss (0.03 dB/facet) due to mode mismatch for fiber-to-facet coupling
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when using index matching oil. The total insertion losses are therefore mostly due to
waveguide propagation loss.
Following prior work in borosilicate glass [129], the directional couplers in fused silica
were studied for a center-to-center waveguide separation distance, S, varied between
5µm and 15µm, and coupling length, L, varied between 0 mm and 20 mm. The
waveguide S-bends were designed with a 100 mm radius of curvature that added
negligible extra loss when compared to the loss of straight waveguides.
To accurately determine the birefringence in these waveguides, the Bragg grating shift
technique described in Appendix A was used. Within each set of waveguides, a BGW
was written with periodicity of 540 nm using an AOM operating at 500 Hz.
5.3.3 Characterization Methods
After fabrication, the coupling ratio of the directional couplers was characterized by
using the free space end-fire coupling setup described in Section 2.2 and shown in
Fig. 2.7. Light from a broadband unpolarized source (Agilent 83437A, 1250 nm to
1700 nm) was coupled into one waveguide arm of the coupler with an aspheric objective
lens (New Focus, 30×, 0.4 NA). A broadband polarizer (Thorlabs LPNIR) was used
in the free space region (between the source and the device) to excite vertically or
horizontally polarized modes designated by V (along the z-axis) and H (along the
x-axis), respectively, as shown in Fig. 5.8.
The powers at each output port (P1 and P2) were measured for both vertical and
horizontal polarizations as functions of wavelength with an OSA (Ando 6317B) set
to a resolution of 2 nm. The resulting power spectra were used in Equation 5.10 to
calculate the coupling ratio as a function of the wavelength for each polarization. The
intensity profile of the modes propagating in the waveguides at 1560 nm were measured
as described in Section 2.3.
5.3.4 Results
Figure 5.9 shows the transmission spectra of two BGWs written with parallel (along y-
axis) and perpendicular (along x-axis) polarization of the writing laser and spectrally
probed with vertical (along z-axis) and horizontal (along x-axis) input polarized light.
From the shift in the Bragg wavelength, the birefringence, ∆neff , can be determined
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Figure 5.9: Transmission spectra of two BGWs written with parallel (along y-axis)
polarization (left) and perpendicular (along x-axis) polarization (right). Vertical
polarized (– blue solid line) and horizontal polarized (- - red dashed line).
from Equation 5.1, where ∆λB is the observed polarization shift in the Bragg wave-
length and Λ = 540 nm is the grating period.
Birefringence values of (5.2±0.5)×10−5 and (2.1±0.1)×10−4 were found at 1550 nm
wavelength for parallel and perpendicular writing polarizations, respectively, for the
case of isolated waveguides. Higher birefringence could result for waveguides in the
coupling region from the additional asymmetric stresses induced by a nearby parallel
waveguide2. Birefringence values also vary (±30%) with the strength of the BGW and
further depend on wavelength and on other exposure conditions such as energy per
pulse. The higher birefringence associated with perpendicular writing also corresponds
to a higher loss of 1.2 dB/cm. In the following work we have concentrated on
the parallel polarization writing condition which produces lower propagation losses
(0.7 dB/cm).
The measured coupling ratio of directional couplers fabricated with S = 8µm wave-
guide separation is shown in Fig. 5.10 as a function of interaction length. The data
were fitted to Equation 5.11 for each wavelength using a Levenberg-Marquardt least
squares algorithm to generate the coupling parameters K and φ that are shown as a
function of the wavelength in Fig. 5.11 for both H and V polarizations. The average
difference between the K values for the two polarizations indicates an approximately
5% polarization difference.
2The effect of the asymmetric stresses will be studied in Section 5.4.
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Figure 5.10: Measured coupling ratio, r, as a function of coupling length for vertical
polarized (• blue circle) and horizontal polarized ( red square) modes together with
calculated fits (solid and dashed lines).
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Figure 5.11: Calculated K and φ as a function of wavelength for vertical polarized
(– blue solid line) and horizontal polarized (- - red dashed line) modes and S = 8 µm
waveguide separation.
The experimentally determined values of K and φ were used to calculate the polar-
ization splitting contrast factor (Equation 5.12) as a function of the interaction length
and wavelength for each waveguide separation tested. The values of ∆r are shown
in Fig. 5.12 for two sets of couplers with waveguide separations of 5 µm and 8µm.
For 15 µm waveguide separation, weak coupling would have required excessively long
coupling lengths to achieve polarization splitting.
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Figure 5.12: Splitting contrast factor, ∆r, for directional couplers with 5µm waveguide
separation (a) and 8 µm waveguide separation (b).
By analyzing Fig. 5.12, it is possible to find values for the coupling length that offer
very high polarization splitting contrast factor, ∆r, greater than 95% for several
wavelengths. For a coupler with 5 µm waveguide separation and longer than 7 mm
interaction length, it is possible to find relatively strong polarization splitting for spe-
cific wavelengths in the range of 1400 nm to 1550 nm. For 8 µm waveguide separation,
an interaction length of more than 12 mm is necessary to find strong polarization
spitting at select wavelengths between 1300 nm and 1600 nm. However, because the
‘fringes’ in Fig. 5.12 are not perfectly horizontal, the polarization splitting occurs in a
narrow bandwidth. For example, a polarization extinction ratio greater than 15 dB is
available across an ≈10 nm bandwidth at 1478 nm with a polarization splitter of 5 µm
separation and 9.5 mm interaction length, or at 1505 nm for a directional coupler of
8µm separation and a 19 mm interaction length.
As a practical demonstration, Fig. 5.13 shows a plot of the power measured at both
P1 and P2 output ports as a function of the input polarization angle, for a wavelength
of 1484.00 nm ± 0.05 nm in a device with a coupling length of 19.2 mm and a coupler
center-to-center separation of 8µm. Aligned with the polarization angle, one also sees
images of the output beam profile at both ports (P1 and P2) oscillating with this angle
and yielding maximum polarization contrast at the pi2 radian and pi radian positions,
for horizontally and vertically polarized light, respectively.
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Figure 5.13: Output power and mode profile as a function of the angle of polarization
at 1484 nm, for the same arm as the input (P1,  blue square) and for the opposite
arm (P2, • green circle).
5.3.5 Discussion
Figure. 5.14 shows a rendering of a directional coupler with the input light controlled
by a polarizer, to work as a polarization beam slitter.
Figure 5.14: 3D rendering of a directional coupler used as polarization beam splitter.
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For a coupler device with a center-to-center separation of 8µm and an interaction
length of 19.2 mm, the results in Fig. 5.13 show that moderately high extinction
ratios of -19 dB and -24 dB are possible for the H and V polarizations, respectively.
The analysis of the coupling ratio data shown in Fig. 5.12 further permits one to
find multiple combinations of wavelengths and coupler lengths for a given waveguide
separation that offer high polarization extinction ratios in narrow spectral bands.
Furthermore, extending these splitters to other waveguide separations offers additional
degrees of freedom for controlling K and φ spectral values for obtaining wide spectral
coverage across the full telecom band tested here. One can further optimize the
bending radius of the directional couplers in the same way as performed in today’s
planar light circuits in order to produce polarization beam splitters with even wider
broadband response. Extending the bandwidth of the present polarization beam
splitters may also be possible with this femtosecond laser writing technique by following
the same design principles described in [129, 130].
The present polarization splitting coupler was based on the lower birefringence wave-
guides (∆neff = 5.2 × 10−5 for parallel polarization writing) that offered the lowest
propagation loss of 0.7 dB/cm (with Bragg grating) or 0.5 dB/cm (without Bragg
grating). The strong polarization extinction of 19 dB to 24 dB seen here, together
with the 10 nm bandwidth for ≈ 15 dB polarization contrast, are comparable to
the results reported for polarization splitting in PCF optical fiber [131] or in planar
lightwave circuits [132]. However, the present laser writing approach required long
coupling lengths of up to 20 mm to enable complete separation of the polarization
modes. An alternative approach that exploits the 4-fold higher form birefringence in
waveguides fabricated with perpendicularly polarized laser light promises more com-
pact polarization beam splitters. Here, a shorter waveguide length may compensate
for the additional propagation loss found for such highly birefringent waveguides (i.e.,
0.5 dB/cm additional loss in BGWs fabricated with perpendicular versus parallel laser
writing polarization) that may be developed by the same design and analysis methods
presented in this section.
Developing new laser processes that can lower birefringence in the present waveguides
would, on the other hand, enable the fabrication of polarization insensitive waveguides
which may allow the single step fabrication of both polarization free and polarization
dependent devices for highly functional integration onto the same circuit platform.
It may be possible that higher repetition rates can be used with femtosecond laser
writing in fused silica to drive heat accumulation effects similar to the ones observed
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in borosilicate glass to reduce waveguide birefringence [23]. Despite the 5.2 × 10−5
birefringence observed in the present fused silica waveguides, polarization independent
beam splitters can also be developed by using very short or zero-length directional
couplers as demonstrated in [123]. Lastly, tuning the radius of the S-bend waveguide
region offers further latitude in shaping the spectral response of both the high and low
polarization splitting waveguide couplers for specific application requirements.
5.4 Stress induced birefringence tuning
Femtosecond laser exposure produces form and stress birefringence in glasses, mainly
controlled by laser polarization and pulse energy, which leads to challenges in certain
applications where polarization mode dispersion or polarization splitting is critical
for the desired performance of optical devices. In this section, laser modification
tracks with different positioning near the waveguides vicinity were applied to prefer-
entially stress the laser-written waveguides and explore the possibility of tuning the
waveguide birefringence in devices fabricated in bulk fused silica glass by femtosecond
laser exposure. Polarization splitting in BGWs showed that the laser modification
tracks controllably add or subtract stress to the pre-existing waveguide birefringence,
demonstrating independence from the nanograting induced form birefringence and
the contributions from material stress. Stressing regions offer tunable birefringence
from ∼0 up to 4.35× 10−4, possibly enabling great flexibility in designing polarization
dependent devices, as well as making polarization insensitive devices.
5.4.1 Background
As seen in Section 5.2 and Section 5.3, the two major sources of birefringence in
waveguides fabricated by femtosecond laser exposure are anisotropic material stress
and form birefringence. Laser written waveguides in glasses [133] and crystals [134, 135]
have shown various degrees of birefringence due to the asymmetry of the non-linear
laser-material interactions in the focal volume of the femtosecond laser that cause
material stress [42, 110], as well as much stronger form birefringence due to laser-
induced nanograting structures [113, 120]. The alignment of nanogratings with the
waveguide propagation vector, which is controlled by the laser polarization direction
with respect to the writing direction, offers a strong influence over the waveguide
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birefringence. Heat accumulation in borosilicate glass [23] has shown to produce lower
birefringence due to radial stress regions as opposed to the more asymmetric stress
produced in fused silica [136, 137]; however, these features remain unexplored in most
glasses.
The femtosecond fabrication technique is very attractive for single step fabrication of
three-dimensional integrated optical circuits [4]; however, the birefringence inherent
to this process in fused silica may be detrimental for certain applications, such as
integrated quantum entanglement experiments [122, 123] or traditional optical com-
munication systems where a low birefringence is desired to reduce polarization mode
dispersion. Birefringence remains an important property to control in order to address
these issues. For example, in [123] researchers demonstrated the use of borosilicate
glass waveguides, with reported low intrinsic birefringence of 7 × 10−5, to reduce
polarization dependency of directional couplers. However, the higher birefringence
observed for ultrafast laser-written waveguides fabricated in fused silica limits their
application in two-photon quantum walk experiments due to polarization dependent
coupling [138]. Another aspect of ultrafast laser-written waveguides that has been
identified as a challenge towards integrated optical circuits for quantum experiments
is the ellipticity of the waveguide modes, even despite the low birefringence provided
by materials other than fused silica [139].
While a diminished birefringence has been a major objective to meet the need for
polarization insensitive devices, many other applications require a strong polarization
dependence, including those in quantum optics [121, 127]. For this and other purposes,
prior work on polarization beam splitters [140] and zero-order wave retarders [141]
have already harnessed the weak birefringence properties of ultrafast fabricated optical
waveguides in fused silica, and would benefit from means to increase their birefringence.
In silicon-on-insulator platforms, the application of stress to modify the properties of
waveguides has been used [142] and found to reduce birefringence values from ∼ 10−3
to ∼ 10−5, as demonstrated in ridge waveguides [143]. In this work, the possibility of
tuning the waveguide birefringence in fused silica was explored by inducing stress with
femtosecond laser fabricated modification tracks formed parallel to the waveguides.
Exploiting this stress, together with the form birefringence generated by the laser-
formed nanogratings, allowed the prospects of either increasing or decreasing the
waveguide birefringence. This induced stress technique also provides a way of tuning
the waveguide mode ellipticity, thereby improving the symmetry for directional coupler
designs. The flexibility provided by this method adds another degree of freedom in
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the design of integrated optical devices, serving as a facile method for tailoring strong
and perhaps also zero birefringence devices, that can be strategically positioned in a
three dimensional optical circuit for even broader applications.
5.4.2 Device fabrication
Waveguides with stress inducing laser modified tracks were written with the femtosec-
ond laser system described in Section 2.1 (λ = 522 nm with 300 fs pulses at 500 kHz
with M2 = 1.35). The laser was focused to a 1.6µm diameter spot (1/e2 intensity)
with a 0.55 NA aspheric lens (New Focus, 40×), 75µm below the surface of 1 mm
thick fused silica glass (Corning 7980 with all sides optically polished). The sample
was scanned along either of the 25.4 mm or 12.7 mm lengths to define the waveguides.
Laser exposures of 150 nJ pulse energy and 0.268 mm/s scanning speed were selected
[8] to offer moderately low propagation loss and a MFD comparable with that of
SMFs for low fiber to waveguide coupling loss. Laser modification tracks that induced
varying degrees of stress were fabricated with identical waveguide writing conditions
but with pulse energies varied from 100 nJ to 250 nJ to study their effect on the
waveguide propagation constant and birefringence. Because the laser modified tracks
also served as waveguides, different laser exposure energies were necessary to guarantee
propagation constant mismatch with the center waveguide and to inhibit evanescent
coupling. In this way, the stress tracks could be positioned as close as 10µm from the
waveguide before coupling or multi-mode guiding effects were discernible.
An AOM was used to modulate the laser to form burst trains that produce the
BGWs that work as waveguides under test, as described in Chapter 4. A modulation
frequency of 500 Hz, together with a 0.268 mm/s scan speed, yielded a grating period
of 536 nm for a 1550 nm Bragg resonance wavelength. Again, the characterization
methods described in Appendix A were used to measure the polarization splitting of
BGWs spectral responses to provide an unambiguous measurement of the waveguide
birefringence and effective index [84, 144].
Two orthogonal stress tracks orientations were tested, to examine horizontal and
vertical stress symmetries acting against the center optical waveguide, as indicated in
Fig. 5.15. The asymmetric cross-sectional structure (3 µm wide × 16µm high) formed
by the present lens is expected to yield significantly different degrees of birefringence for
these horizontal (Fig. 5.15 right inset) and vertical (Fig. 5.15 left inset) configurations.
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Figure 5.15: Schematic arrangement for birefringence control where ~EV and ~EH
indicate the electric field orientation for Vertical, V , and Horizontal, H, waveguide
polarization eigenmodes, while ~EPar‖ and ~EPer⊥ represent the parallel and perpendic-
ular polarizations of the writing laser, respectively. The insets show microscope end
view images of the Bragg grating waveguides, sandwiched between vertical (left) and
horizontal (right) stress tracks.
The insets also show the position of the waveguide and the stress tracks relative to
the glass surface. The separation of stress tracks from the waveguide was varied
from 4µm to 70µm, measured from center to center. For the vertical geometry, the
bottom track was written first, followed by the BGW and then the top track, in
order to avoid laser beam propagation through a modified structure before reaching
its focus. All tracks were written using the same scanning direction to avoid the
non-reciprocal “quill” effects [43, 145]. Finally, to orient the nanograting planes either
parallel or perpendicular to the waveguide direction, the writing laser polarization was
aligned perpendicular (along the x-axis), ~EPer⊥, or parallel (along the y-axis), ~EPar‖,
respectively, by using a half-wave plate.
5.4.3 Characterization Methods
The waveguide eigenmodes in the BGWs were designated as vertical, V (along the
z-axis, slow axis, corresponding to the TM mode) and horizontal, H (along the x-axis,
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fast axis, corresponding to the TE mode). The axis orientation and modes designation
in respect to the rest of the experimental setup is also shown in Fig. 5.15.
The devices with different stress geometries were characterized according to mor-
phology (to visually connect the guiding zones with the observable stress fields in
the material), MFDs and losses (to assess the effects of the stress tracks on the
scattering losses and on the waveguide modes), birefringence and mode effective index
(to determine the influence of material stress on the total waveguide birefringence and
also to determine which polarization modes are most affected).
5.4.4 Morphology
The morphology of the stress-modified waveguides was assessed through optical mi-
croscopy, resulting in the images shown in Fig. 5.16 for horizontal and vertical “stress-
ing” geometries. The figures show stress tracks fabricated with 200 nJ pulse energy,
parallel polarization of the writing laser, and 30µm and 40µm center-to-center sepa-
ration, respectively, for the horizontal and vertical geometries.
In the images shown in Figs. 5.16(a) and 5.16(d), a strong white region in the center is
visible, suggesting the presence of a positive refractive index difference with respect to
the unmodified glass. The mode profile inset shown above Fig. 5.16(d) is observed to
propagate along these higher refractive index regions. Birefringence can be observed
around the laser modified tracks, as seen in Figs. 5.16(b), 5.16(c), 5.16(e), and 5.16(f),
which were obtained by placing the same devices between two crossed polarizers, with
their orientations represented by the green crosses in the picture. While the underlying
stress appears small with the polarizers in vertical and horizontal orientations in
Figs. 5.16(b) and 5.16(e), a strong stress region in the horizontal direction is visible
in Figs. 5.16(c) and 5.16(f). These results indicate a preferential orientation in the
asymmetric horizontal stress generated by the femtosecond laser exposure and suggests
that the horizontal stress geometry might produce a stronger effect in the waveguide
birefringence than the vertical alignment of the stress tracks with the BGWs. These
stress regions also suggest a localized densification of the material which has been found
to be partially responsible for the refractive index change [133]. Similar stress affected
areas have been found in crystals [135] with densified waveguiding regions formed
outside the modification track also by femtosecond laser exposure, which produces
stress induced waveguiding as opposed to our work where the stress is used to modify
the properties of the laser written waveguides.
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Figure 5.16: Optical microscope images of the end facets of the waveguides with the
horizontal stress geometry (a, b, c) and the vertical stress geometry (d, e, f).
(a, d) Unpolarized picture with illumination adjusted to observe the waveguide regions.
(b, e) Images with two crossed polarizers parallel and perpendicular to the glass
surface. (c, f) Images with two crossed polarizers both at 45◦ angle to the glass
surface. In all the crossed polarizers pictures the green cross indicates the orientation
of the polarizers. A mode profile is also shown with its position indicated relative to
the waveguide structure.
5.4.5 Mode size and losses
The intensity mode profiles were recorded with 1560 nm light coupled from a tunable
laser (Photonetics Tunics-BT) into the various waveguides and the output imaged onto
a CCD camera (Spiricon SP-1550M) through a 60× magnification lens. There was no
measurable difference between the modes recorded with different polarizations of the
input light.
The MFD measured for the reference BGW, without stress tracks and written with
parallel polarized light ( ~EPar‖), has a value of (9.8µm × 11.2µm) ± 0.2µm, while
horizontal stress tracks fabricated with 200 nJ of pulse energy and separated by
15µm yields a MFD of (9.9 µm × 11.2µm) ± 0.2µm. The modes recorded for the
perpendicular polarization of the writing laser generally followed the same trend
although here, because the mode sizes are larger, the presence of the stress tracks
slightly reduced the MFD.
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Table 5.3: MFDs, for reference waveguides, BGWs, and examples with different stress
track geometries.
Device MFD (x× z) µm ± 0.2 µm
Parallel ~EPar‖ Perpendicular ~EPer⊥
Uniform waveguide 9.5×11.0 11.3×11.3
Isolated BGW 9.8×11.2 12.7×12.2
H-Stress(15µm; E = 200 nJ) 9.9×11.2 11.4×11.4
V-Stress(30µm; E = 200 nJ) 10.0×11.4 11.9×11.3
V-Stress(20µm; E = 250 nJ) 12.1×10.8 –
There is no noteworthy variation of the mode size when either horizontal of vertical
stress tracks are present, with the exception of a larger mode size of (12.1 µm ×
10.8µm) ± 0.2µm that was found using parallel polarization of the writing laser, with
vertical stress geometry, written with 250 nJ of pulse energy and with a separation of
20µm. These examples of recorded mode profiles are shown as inset images in Fig. 5.18
and Fig. 5.19, with laser exposure conditions defined therein. A non-BGW waveguide,
fabricated without AOMmodulation and with parallel polarization of the writing laser,
has a slightly smaller (9.5µm × 11.0 µm) ± 0.2µm MFD. The differences between
unmodulated waveguides and BGWs, in terms of birefringence, losses and MFDs,
have been presented previously [140, 141]; however, the trends and the magnitude
of the changes recorded here have also been shown to hold true for both waveguide
devices. The MFDs of BGWs for different stress tracks geometry, writing conditions
and polarization of the writing laser are summarized in Table 5.3.
The measured MFDs were used together with the 10.4µm×10.4µm MFD expected for
a SMF at 1550 nm to estimate a coupling loss of (0.02±0.02) dB/facet for all the wave-
guides written with parallel polarization of the writing laser, while a (0.05±0.03) dB/-
facet loss was found for the higher energy case mentioned above. For the perpendicular
writing polarization ( ~EPer⊥) the coupling losses varied from (0.03±0.02) dB/facet
for a uniform waveguide to (0.14±0.04) dB/facet for the isolated BGW. The modal
mismatch losses were used to offset the insertion loss data to determine the waveguide
propagation loss.
Propagation losses in the waveguide fabricated with the perpendicular writing po-
larization were higher than the losses obtained by having the fabrication laser po-
larized parallel to the waveguide direction. Using the ~EPer⊥ polarization yielded
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(1.1±0.1) dB/cm loss for BGWs and (0.9±0.1) dB/cm for unmodulated waveguides,
while the ~EPar‖ polarization produced unmodulated waveguides with (0.5±0.1) dB/cm
loss and BGWs with (0.8±0.1) dB/cm loss. Although the device made with vertical
tracks at 250 nJ pulse energy and with a separation of 20 µm had a MFD compatible
with the other waveguides, this fabrication condition was very close to a condition
of significant coupling, which resulted in propagation losses of (1.4±0.1) dB/cm. All
losses were measured at 1560 nm wavelength with the tunable laser source and with
oil matched fiber coupling on both ends.
5.4.6 Birefringence and effective indices
The waveguide birefringence, was calculated from the Bragg wavelength splitting
between two polarization eigenmodes, as described in Appendix A, using Equation A.1.
Based on the characterization system described in Section 2.2, the Bragg resonances
were recorded with a light source (Thorlabs ASE-FL7002, 1520 nm to 1620 nm) and
end-fire coupled into the BGWs while an oil matched fiber collected the output into
an OSA (Ando 6317B) with a resolution of 0.01 nm. The input polarization of the
free space propagating light was aligned to the V or H axis by rotating a broadband
polarizer (Thorlabs LPNIR).
For reference, the Bragg resonant reflection spectra for waveguides written with parallel
and perpendicular laser polarizations, are given in Fig. 5.17(a) and Fig. 5.17(b),
respectively. The results show a 70.6 pm and a 201.4 pm wavelength split between
the polarization eigenmodes from which birefringence values of (6.6± 0.4)× 10−5 and
(1.88± 0.04)× 10−4, respectively, were inferred at 1550 nm. These values have proven
to be repeatable within the reported ±0.4× 10−5 uncertainty.
Figure 5.17(c) demonstrates a BGW with two horizontal stress tracks fabricated with
250 nJ pulses and a separation of 20µm, yielding a birefringence of (2.05 ± 0.04) ×
10−4, a 3-fold increase versus the reference value shown in Fig. 5.17(a). A value of
(4.13±0.04)×10−4 from a 443.2 pm wavelength split was calculated from Fig. 5.17(d)
for a BGW fabricated with perpendicular polarization and stress tracks made with
200 nJ pulses and separated by 13 µm.
Figure 5.18 and Fig. 5.19 show the measured birefringence as a function of the stress
inducing tracks separation from the center BGWs, together with the result plotted at
∞ separation (without stress tracks), which represents the relevant reference BGW
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Figure 5.17: V and H polarized transmission spectra for BGWs fabricated with 150 nJ
of pulse energy and written with parallel (a, c) and perpendicular (b, d) polarizations of
the writing laser (a) Reference BGW, with parallel polarization writing. (b) Reference
BGW, with perpendicular polarization writing. (c) BGW stressed by two 250 nJ tracks
in the horizontal configuration with 20 µm separation. (d) BGW stressed by two 200 nJ
tracks in the horizontal configuration with 13 µm separation.
birefringence for each fabrication condition. Figure 5.18 clearly shows that the stress
tracks written closer to the BGW produced a stronger effect in the birefringence. The
horizontal geometry approach in Fig. 5.18(a) demonstrates the possibility to obtain a
birefringence of ∆n = 2.52 × 10−4, up to a 4-fold increase when compared with the
6.6×10−5 present in the reference waveguide. Here, stress tracks with the highest tested
pulse energy (250 nJ) and a narrow separation of 15µm from the BGW were applied.
Figure 5.18(b) shows the possibility of decreasing the birefringence by using the vertical
geometry approach. In this case, it was possible to reduce the birefringence to a value
as low as 1.5 × 10−5 by using stress tracks written with 200 nJ pulses and separated
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Figure 5.18: Birefringence as a function of the stress tracks separation for (a) horizontal
geometry and (b) vertical geometry, and various applied laser energies. The black
squares at ∞ separation represent the reference birefringence measured for a single
BGW without stress modification.
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Figure 5.19: Birefringence as a function of the stress track separation for (a) horizontal
geometry and (b) vertical geometry, for 200 nJ pulse energy. The blue circles are the
results for fabrication with parallel polarization of the writing laser, ~EPar‖, while the
green pentagons are the results for the perpendicular polarization, ~EPer⊥, case. The
squares at ∞ separation represent the reference BGWs for both writing polarizations.
by 20 µm from the waveguide. Values below the uncertainty of the measurements,
< 4× 10−6, can be reached by using the strongest (250 nJ) stress tracks and the same
20µm separation.
As seen before [141], the presence of nanogratings aligned parallel to the ultrafast
fabricated waveguide (perpendicular polarized laser) greatly increases the waveguide
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birefringence. In Fig. 5.19, a birefringence comparison is made between waveguides
written with parallel and perpendicular polarizations of the writing laser to study the
influence of their stress inducing laser tracks. The birefringence shown as a function
of the stress tracks separation clearly follows the same trend for both parallel and
perpendicular polarizations of the writing laser. Furthermore, in both cases the stress
tracks fabricated with 200 nJ of pulse energy yielded similar increases of 1.72×10−4 and
1.93×10−4 for the parallel and the perpendicular polarization cases, respectively, when
the stress separation was 15µm in the horizontal geometry approach (Fig. 5.19(a)).
Otherwise, differing decreases of 0.35×10−4 and 0.17×10−4 were found for the vertical
stress approach, for the parallel and the perpendicular polarization cases, respectively.
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Figure 5.20: Relative effective index of the BGWs, with respect to the effective index
of the reference H mode (1.4454), for both V (blue triangles) and H (red inverted
triangles) polarization modes as a function of the stress tracks separation. (a) is for
the horizontal geometry and (b) is for the vertical geometry, both made with the
parallel polarized writing laser and stress tracks produced with 200 nJ pulse energy.
The influence on the individual mode effective indices for both V and H waveguide
polarization modes is presented in Fig. 5.20, for varying stress track separations and
different stressing geometry. For the horizontal geometry, Fig. 5.20(a) shows that the
horizontal material stress produces a large increase in the V mode effective index while
a slight decrease is noted in the H mode propagation constant. Figure 5.20(b) shows
the results for the vertical stress geometry case, where both V and H modes showed a
decrease in the effective index as the modification tracks were fabricated closer to the
BGW. The difference between the effective indices for V and H modes in Fig. 5.20
corresponds to the birefringence values reported in Fig. 5.19 and Fig. 5.18.
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Only separations above 10 µm for the horizontal approach and above 20 µm for the
vertical approach yielded useful birefringence shifts, as shorter distances produced
non-negligible coupling between the BGWs and the stress tracks. This coupling region
is noted in Fig. 5.18, Fig. 5.19 and Fig. 5.20 by a gray shaded area on the plots. The
insets in Fig. 5.18 and Fig. 5.19 show the mode profiles for a select number of devices,
supporting the earlier statement that there is no significant change in the mode sizes
due to the presence of the stress inducing laser modification lines for the case of
parallel polarization of the writing laser. The relatively small separations achieved
before significant coupling occurs are due to the fact that the stress inducing tracks
were fabricated with different laser pulse energies than the waveguides and therefore
have different mode propagation constants.
5.4.7 Discussion
The horizontal tracks were found to add stresses that produced more than a 3-fold
increase in the waveguide birefringence (Fig. 5.18(a)), while leaving the overall mode
profile of the waveguide largely unaffected, as evidenced by the nearly unchanging
elliptical-like mode profile elongated along the z-axis direction (9.9µm × 11.2µm) ±
0.2µm (Table 5.3). The stress modification was most pronounced for the V polariza-
tion mode, as noted by the asymmetric response of increasing (decreasing) effective
index for vertical (horizontal) polarizations in Fig. 5.20(a). In contrast, the vertical
stress tracks reduced the waveguide birefringence (Fig. 5.18(b), Fig. 5.19(b)) while
also showing an effective refractive index decrease with decreasing separation for both
polarization modes (Fig. 5.20(b)). The mode profile sizes were also little affected
for this case, except in the limit of 20 µm separation and with 250 nJ exposure,
where the mode ellipticity was reversed, being elongated along the x-axis (12.1 µm
× 10.8µm) ± 0.2µm (Table 5.3). In this way, such vertical stress tracks offer a
new direction for creating symmetric mode waveguides to compensate for asymmetric
focusing conditions. Previous methods for fabrication of waveguides with symmetric
modes included slit beam shaping [146], astigmatic beam focusing with cylindrical
lenses [147], among others. Alternatively, the stress bars will offer a way to tune
the mode ellipticity with advantages when designing three-dimensional directional
couplers, where the same or different coupling coefficient may be desirable between
waveguides that are in or out of plane.
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The BGWs can act as sensors of the stresses surrounding the tracks and can be used
to probe the stress fields in the material. The data presented is consistent with
the observations made from Fig. 5.16, with the horizontal modification tracks adding
stresses and inducing a preferential increase in the effective index of the V polarization
modes to increase the birefringence, while the vertical modification tracks diminish
the waveguide birefringence in the BGWs under test. Based on the results shown in
Fig. 5.19, nearly the same directions and shifts were observed independently of the
weak birefringence produced by parallel polarization or the strong form birefringence
provided by the perpendicular polarization of the writing laser. The material stress
seen in Fig. 5.16, together with the results shown in Fig. 5.19, do not affect the
nanogratings but rather superimposes their asymmetric stress field onto the wave-
guides.
The coincidence of the birefringence shifts found for both writing polarization con-
ditions (Fig. 5.19) suggests that the laser stress inducing effects are independent of
the writing laser polarization. The nanograting generated form birefringence is only
present in the perpendicular polarization case, which is in agreement with the expected
nanograting orientation, as the nanogratings generated by the parallel polarized writ-
ing have no periodicity components in any of the V and H polarization directions. In
contrast, the induced birefringence due to material stress is equally present in both
cases.
With the inclusion of stress tracks surrounding the waveguides, it is now possible to
tune the birefringence from < 4 × 10−6 up to 2.52×10−4 with parallel polarization
of the writing laser, and from 1.71×10−4 up to 4.35×10−4 with perpendicular po-
larization of the writing laser. The higher birefringence values made available may
permit the design of shorter components for polarization beam splitters [140] or wave
retarders [141]. Table 5.4 summarizes the characteristics of a zero-order half-wave
plate calculated with the birefringence values for each writing condition, and with the
total insertion losses projected for that device based on the calculated length and on
the propagation losses. A zero-order half-wave plate with as little as 1.8 mm length
is possible to be obtained with this technique, which represents more than a two fold
decrease in length compared to previous results [141].
The Bragg grating splitting technique was able to unambiguously determine the bire-
fringence, ∆neff , with spectral measurements and with an uncertainty of ±4 × 10−6.
With the exception of the non-birefringent waveguide, all the waveguides shown have
losses comparable to the ones found for single waveguides, without stress inducing
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Table 5.4: Summary of maximum and minimum birefringence and minimum zero-order
half-wave plate lengths for different waveguide writing conditions.
Writing laser
polarization
∆noriginal
(±4×10−6)
∆nmax | ∆nmin
(±4× 10−6)
Zero-order half-wave plates
Minimum
length (mm)
Insertion
loss (dB)
Para. ~EPar‖
↗ < 4× 10−6 (V-stress) – –
6.6×10−5 //// 11.7 0.6
↘ 2.52×10−4 (H-stress) 3.1 0.2
Perp. ~EPer⊥
↗ 1.71×10−4 (V-stress) – –
1.88×10−4 //// 4.3 0.3
↘ 4.35×10−4 (H-stress) 1.8 0.2
tracks, (1.1±0.1) dB/cm for BGWs and (0.9±0.1) dB/cm for unmodulated wave-
guides produced with perpendicular, ~EPer⊥, and (0.8±0.1) dB/cm for BGWs and
(0.5±0.1) dB/cm for unmodulated waveguides produced with parallel, ~EPar‖, polar-
ization of the writing laser.
The zero birefringence condition found with the closest vertical stress tracks offers a
unique opportunity to explore low polarization mode dispersion waveguides. However,
the almost 2-fold higher losses found for this stressed waveguide is much higher than
found in other laser formed fused silica waveguides, warranting further exploration of
laser exposure conditions to provide waveguide birefringence of 10−6.
In order to further increase the range of birefringence values available, closer spacing
between the waveguides and the stress tracks could be explored with weaker stressing
structures that will neither couple evanescently nor coalesce into a multi-mode wave-
guide. Alternatively, even stronger laser pulse energies than those available here could
be tested to induce stronger birefringence modification effects. More precise diagnostic
tools may facilitate demonstration of much lower waveguide birefringence than it was
possible to measure here. Post thermal annealing may be explored to further tune this
low waveguide birefringence through stress relaxation [42].
There is a significant advantage for many applications to use low birefringent wave-
guides in order to avoid polarization mode dispersion, while there is also the oppor-
tunity to explore higher birefringence values in order to design shorter polarization
dependent devices, like the polarization beam splitters and wave retarders. The
flexibility of increasing or decreasing the birefringence opens up the option of tuning
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the original waveguide birefringence by judicious placing of stress tracks of varying
strengths along an optical circuit, without significantly affecting the waveguide mode
or the propagation loss, offering more design options in combining various degrees
of birefringent and non-birefringent waveguides for integration into more complex
polarization devices.
Other geometric arrangements of the stressing tracks could be explored to change
the eigenaxes of the polarization modes, perhaps enabling the design of polarization
devices to work in different orthogonal directions other than the vertical and horizontal
shown here (45◦ to the current eigenmodes, for example).
5.5 Conclusions
We successfully demonstrated the first femtosecond laser formed buried optical wave-
guides behaving as discrete quarter-wave and half-wave plates. A 35 dB polarization
contrast was found for a half-wave retarder, while there was only a 5% power variation
for a quarter-wave device. In this chapter, we further demonstrated two complemen-
tary techniques to accurately measure the birefringence in femtosecond laser formed
waveguides, and used these techniques to study the birefringence dependence on wave-
length and exposure conditions. These retarder devices may prove to be important for
future integration into optical circuits required in quantum entanglement experiments
and on-chip quantum optics applications.
Femtosecond laser induced birefringence in fused silica waveguides was harnessed here
for the first time, to the best of our knowledge, to demonstrate polarization beam
splitting in buried optical circuits. Moderately strong extinction ratio of up to -24 dB
was noted for 2 cm long devices. The polarization beam splitters are sufficiently
wavelength selective to be attractive for WDM application, and promise to open new
directions for creating polarization dependent devices in three dimensional optical
circuits. However, the means to extend the bandwidth for such polarization splitting
will require further design and laser process development.
The integration of the present polarization splitters inside bulk glass defines a highly
attractive platform for creating stable and highly functional polarization-dependent
optical circuits required today in optical communication and quantum entanglement
systems.
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This chapter demonstrated the use of stressing tracks in two orientations that enhance
or diminish birefringence, with values ranging from < 4×10−6 up to 4.35×10−4. There
is a negligible effect on mode profiles and waveguide losses by the presence of stress
tracks, except in the limit of closely written vertical tracks with the maximum energy
available; however, this last condition offers the opportunity to create a symmetric
mode profile.
This stress inducing technique provides the ability to master the birefringence effects,
which is an area of three-dimensional laser writing that has not been fully explored
in the past, and yet shown to be important for advanced integration of femtosecond
written optical circuits. The measurements and fabrication techniques shown add more
flexibility to modify three-dimensional circuits to insert low birefringence waveguides
together with strong polarization devices so as to make a whole range of operations
available for the design of compact devices, like polarization beam splitters and wave
retarders. While polarization devices may be of key importance for the fabrication of
integrated quantum entanglement experiments, the ability to reduce such birefringence
may also be of interest, by providing ways of connecting different components with
little polarization mode dispersion, which can be favorable for quantum measurements
by reducing decoherence of entangled photon pairs or to improve the performance of
optical communication systems.
Final conclusions and future work
Femtosecond laser writing of optical devices was explored during this work for the suc-
cessful demonstration of fiber Bragg gratings (FBGs) in suspended core fibers (SCFs)
for temperature and strain sensing, direct point-by-point writing of first order Bragg
grating waveguides (BGWs) with chirped and phase shifted spectra for sensing and
time domain pulse shaping and control of waveguide birefringence for the fabrication of
polarization integrated devices, namely zero-order wave plates and polarization beam
splitters.
The FBGs demonstrated in SCFs represent an important step to enable the design of
fiber devices in non-photosensitive fibers, which can open the possibility of producing
sensing devices or Bragg gratings in fibers that are otherwise difficult to functionalize,
such as many different designs of photonic crystal fibers or active material fibers. The
SCFs used here were shown to be useful for simultaneous determination of temperature
and strain, taking advantage of different suspended core geometries that provided
different sensitivity to temperature while maintaining the same sensitivity to strain.
The further development of a point-by-point writing system for the fabrication of
BGWs opened the possibility of fast prototyping and flexible design of spectral re-
sponses with application in sensors and optical communication. The microfluidic
capabilities already established for this platform can take advantage from the advances
presented here towards the fabrication of integrated lab-on-a-chip devices with scien-
tific and medical applications that can greatly benefit from the progress on these areas.
As a proof of principle, chirped Bragg gratings were demonstrated for application in
temporal pulse shaping, acting as a Fourier transformer, while phase shifted Bragg
gratings were successfully fabricated with very narrow 22 pm features that can be used
for sensing, for distributed feedback laser cavities, or for spectral shaping for optical
communications, such as in wavelength division multiplexing devices. Regardless of
the demonstrations provided here, the most important aspect of the system is the
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flexibility that the computer controlled acousto-optic modulator (AOM) offers for the
design of arbitrary spectral features and fast prototyping. Future developments may
provide accurate simulation of the relationship between the AOM power modulation
and the resulting refractive index modulation in the waveguides, enabling even eas-
ier prototyping in a one step fabrication of devices with multiple features, such as
frequency modulation, arbitrary phase definition, and apodization.
The sharp features demonstrated in the phase shifted BGWs allowed accurate measure-
ment of waveguide birefringence, which was further studied to determine its writing
parameters dependence, as well as the birefringence dispersion characteristics. It was
found that the birefringence in femtosecond generated waveguides in fused silica is
mostly influenced by the presence of nanogratings located in the waveguide core,
which depend on the writing laser polarization, and by the presence of material stress
around the core, which happens due to the nonlinear and anisotropic nature of the
writing process. Control of the birefringence was explored by changing the writing laser
parameters as well as by inducing stress in the material around the core. Birefringence
tuning was found to be possible in a range from 10−6 to 10−4, enabling both polariza-
tion independent and polarization dependent operation. This birefringence was also
explored for fabrication of zero-order wave plates, with a 35 dB polarization contrast
for a half-wave device and a 5% power variation for a quarter-wave retarder. The design
of directional couplers with polarization dependent coupling enabled the fabrication
of integrated polarization beam splitters with a -24 dB polarization extinction ratio.
The flexible BGW fabrication, and the polarization control technique demonstrated
here, can be readily applied in the development of functional devices in different
materials. This provides an ideal tool to access multiple platforms, such as different
fiber geometries and active laser materials. One such platform is the cladding of
optical fibers. The fiber cladding is not accessible through traditional lithographic
fabrication techniques, but can be used for waveguide fabrication with ultrafast direct
laser writing technologies. This platform is already widely deployed for photonics
technologies applications and can be harnessed for the fabrication of integrated optical
waveguides. Devices written in the cladding of optical fibers, together with the ability
to design microfluidic structures, further opens the prospects of developing integrated
components for lab-on-a-fiber applications in sensing, biophotonics, optofluidics, and
telecommunication, as well as polarization devices for fiber lasers and microstructuring
for nonlinear applications.
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The on-chip polarization control provides the ability to fabricate quantum optic devices
with polarization encoding. This approach may be useful in the design of quantum
cryptography transmitters and receivers, complex polarization entanglement experi-
ments, and ultimately, quantum gates for optical computing circuits.

Appendix A
Bragg grating shift detection
algorithm
The wavelength peak in the spectrum produced by a Bragg grating waveguide (BGW)
follows the Bragg relation λB = 2Λneff , where λB is the reflected Bragg wavelength,
neff is the effective index of the waveguide mode, and Λ is the periodicity of the grating
structure. From the Bragg resonance peak it is possible to calculate the effective index
of the mode. The birefringence is defined by the difference between the effective indices
of the eigenmodes (Vertical and Horizontal in this case), ∆neff = nV − nH . From the
Bragg relation, the birefringence was determined using the difference between the
Bragg wavelength peak in Equation A.1.
∆neff =
∆λB
2Λ (A.1)
For accurate determination of λB, the experimentally recorded BGW transmission
spectra for the two polarization eigenmodes were used. The two modes were selected by
adjusting the input polarizer and the transmission spectra were recorded by coupling
the output light into the optical spectrum analyzer (OSA). In Equation A.2, V (λ) and
H(λ) are the transmission spectra of a BGW for vertical and horizontal polarizations of
the input light, S(∆λ) is the square difference between theH(λ) and V (λ) transmission
spectra as a function of the ∆λ shift of the H(λ+ ∆λ) spectrum.
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S(∆λ) =
λmax∑
λ=λmin
[V (λ)−H(λ+ ∆λ)]2 (A.2)
The wavelength difference between the V (λ) and H(λ) spectra, ∆λ0, was calculated
with Equation A.3 by determining the minimum of S(∆λ). Fig. A.1(a) shows the
original spectra for V (λ) and H(λ), while Fig. A.1(b) plots S(∆λ) as a function of the
wavelength shift applied to the H(λ) spectrum.
min[S(∆λ)] = S(∆λ0) (A.3)
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Figure A.1: (a) Original BGWs transmission spectra for vertical and horizontal
polarization probing. (b) Sum of the squared differences, S(∆λ), from Equation A.2.
For a more precise determination of ∆λ0, the three minimum points of S(∆λ) (red
box in Fig. A.1(b)), were specified according to Equation A.4, Equation A.5, and
Equation A.6, and are plotted in Fig. A.2(a).
S− = S(∆λ0 − δλ) (A.4)
S+ = S(∆λ0 + δλ) (A.5)
min(S) = S(∆λ0) (A.6)
Appendix A. Bragg grating shift detection algorithm 133
The resolution of this measurement was further improved by calculating a correction
factor, µ, defined in Equation A.7, which interpolates between the discrete S(∆λ) data
provided by the OSA, with the instrument limited step size being δλ = 0.002 nm.
µ = S
− − S+
2[S− + S+ − 2Smin] (A.7)
The best value for the wavelength shift, ∆λB, was determined by Equation A.8.
∆λB = ∆λ0 + µδλ (A.8)
This wavelength shift was added to the λ-axis of the H(λ) spectrum and plotted
together with the unshifted V (λ) spectrum in Fig. A.2(b) to demonstrate the close
overlapping of the the two spectra, confirming the accuracy of this method.
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Figure A.2: (a) Zoomed plot of the minimum of the sum of the squared differences
showed in Fig. A.1(b). The vertical line represents the corrected minimum point of
function S(∆λ0) used to determine ∆λB. (b) BGWs transmission spectra for vertical
and horizontal polarizations with the horizontal polarization spectrum shifted by the
best fitted value for birefringent wavelength shift, ∆λB.
The python code showed in Code Listing 1 was used to implement this algorithm.
The use of Scipy package routines greatly improves the execution time of the code,
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making it ideal for automated BGW shift detection. The results presented here were
computed in less than 50 ms with a 2.20 GHz processor.
The bgwshift function defined in Code Listing 1 takes the two spectra as arguments
and returns the following variables:
- The input spectra cropped to an even size if their length is odd;
- The calculated shift, delta, between the two spectra with the same units as the
λ-axis in the original spectra data;
- An array of the square differences, sqrsum, between the two spectra as a function
of the ∆λ shift;
- The correction factor, µ, shown in Equation A.7, that accounts for the discrete
nature of the experimental data;
- The middle point of the sqrsum array used to fold the sqrsum in its center so
that the middle point in the plots represent zero wavelength shift.
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from scipy import array , zeros , roll
def bgwshift(spec1 , spec2):
if spec1.shape[1] % 2: # Resize the spectra if their size is odd
spec1 = array([(spec1[0][0:-1]), (spec1[1][0:-1])])
spec2 = array([(spec2[0][0:-1]), (spec2[1][0:-1])])
size = spec1[0].size
sqrsum = zeros(size) # Creates an array with the same size as the spectra
for j in range(size):
shifted_spec2 = roll(spec2[1], j)
sqrdiff = (spec1[1] - shifted_spec2)**2
sqrsum[j] = sqrdiff.sum()
mid = size/2 # Middle point used to fold the sqrsum array.
# Folding sqrsum in its center.
# After this step , the middle point represents no shift between spec1 and spec2
sqrsum = roll(sqrsum , mid)
minpoint = sqrsum.argmin()
sminus = float(sqrsum[minpoint-1])
smin = float(sqrsum[minpoint])
splus = float(sqrsum[minpoint+1])
correction = (sminus - splus) / (sminus + splus - 2*smin) / 2
correction_value = (spec1[0][minpoint]-spec1[0][minpoint-1])*correction
delta = spec1[0][minpoint]-spec1[0][mid] + correction_value
return spec1 , spec2 , delta , sqrsum , correction , mid
Code Listing 1: bgwshift function implemented in python.

Appendix B
Fused silica substrate
Fused silica, also known as fused quartz or quartz glass, was the material of choice for
most of the work presented in this thesis, mostly due to the low loss (high transmission,
Fig. B.1) of this material at infrared wavelengths, as well as the availability as high
quality substrates.
0 500 1000 1500 2000 2500 3000 3500 4000
Wavelength (nm)
0.0
0.2
0.4
0.6
0.8
1.0
Tr
an
sm
is
si
on
(c
m
−
1 )
Figure B.1: Transmission spectrum of Corning 7980 fused silica glass as provided by
the manufacturer (Corning Incorporated).
The most important physical quantity to consider when studying the optical properties
of a transparent material is the index of refraction. The refractive index and the disper-
sion of fused silica can be described by Equation B.1, where n(λ) is the refractive index
as a function of the wavelength, λ is the wavelength, and B1, B2, B3 and C1, C2, C3 are
the empirically determined Sellmeier coefficients [148] listed in Table B.1.
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n2(λ) = 1 + B1λ
2
λ2 − C12 +
B2λ
2
λ2 − C22 +
B3λ
2
λ2 − C32 (B.1)
This approximation is valid for room temperature (20℃) and for the spectral region
between 0.21µm and 3.71µm [148], where fused silica is transparent. This expression
was later shown to be also valid for the spectral region between 3µm and 6.7µm [149].
In Table B.1 the Sellmeier coefficients are shown for standard fused silica as well as
for Corning 7980, a high purity silica manufactured by flame hydrolysis, which is the
material used in this thesis for the fabrication of integrated waveguides in bulk glass
by femtosecond laser writing. Despite the difference in the Sellmeier coefficients, the
difference between standard fused silica and the Corning 7980 glass, as determined by
the Sellmeier equation B.1, is less than 5×10−5 for wavelengths shorter than 1600 nm.
The data presented for Corning 7980 fused silica are provided by the manufacturer.
Table B.1: Sellmeier coefficients for fused silica
Sellmeier coefficients Standard Fused silica Corning 7980
B1 0.6961663 0.683740494
B2 0.4079426 0.420323613
B3 0.8974794 0.585027480
C1 0.0684043 µm 0.0678493087 µm
C2 0.1162414 µm 0.1157449161 µm
C3 9.8961610 µm 8.0307703989 µm
Table B.2 summarizes properties of fused silica that are relevant for the application in
optics and photonics presented in this thesis.
Table B.2: Summary of fused silica properties
Property Value
Density 2.203 g/cm3
Coefficient of thermal expansion∗ 5.5×10−7 K−1
Softening point 1665 ℃
Annealing point 1140 ℃
Strain point 1070 ℃
∗Average from 20 ℃ to 320 ℃.
The refractive index is also dependent on the temperature. Following the same
approach taken for room temperature, at each temperature it is possible to calculate
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Figure B.2: Fused silica index of refraction (a) and thermo-optical coefficient (b) as a
function of wavelength.
suitable Sellmeier coefficients. Furthermore, these coefficients can also be empirically
modeled as functions of temperature.
n2(λ) = 1 +
3∑
i=1
Si(T ).λ2
λ2 − Ci(T )2 (B.2)
Equation B.2 was experimentally determined for wavelengths ranging from 400 nm to
2.6µm, and temperatures between 30 K and 300 K [72]. The Sellmeier coefficients,
Si(T ) and Ci(T ), in Equation B.2 are determined with Equation B.3 and Equation B.4,
with a fourth order temperature dependence model with the coefficients Sij and Cij
presented in Table B.3.
Si(T ) =
4∑
j=0
SijT
j (B.3)
Ci(T ) =
4∑
j=0
CijT
j (B.4)
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Table B.3: Sij and Cij coefficients for the temperature dependent Sellmeier equation
Temperature term S1 S2 S3 Units
T 0, Constant term 1.10127 1.78752×10−5 7.93552×10−1
T 1 -4.94251×10−5 4.76391×10−5 -1.27815×10−3 K−1
T 2 5.27414×10−7 -4.49019×10−7 1.84595×10−5 K−2
T 3 -1.59700×10−9 1.44546×10−9 -9.20275×10−8 K−3
T 4 1.75949×10−12 -1.57223×10−12 1.48829×10−10 K−4
C1 C2 C3
T 0, Constant term -8.90600×10−2 2.97562×10−1 9.34454 µm
T 1 9.08730×10−6 -8.59578×10−4 -7.09788×10−3 µmK−1
T 2 -6.53638×10−8 6.59069×10−6 1.01968×10−4 µmK−2
T 3 7.77072×10−11 -1.09482×10−8 -5.07660×10−7 µmK−3
T 4 6.84605×10−14 7.85145×10−13 8.21348×10−10 µmK−4
Appendix C
Tools and software
This thesis was prepared in LATEX and it was based on the template available at
the website of the Department of Computer Science of the Faculty of Science of the
University of Porto. The template was further modified by the author, and a full
version is available online: www.luisfernandes.org.
Plots and data analysis were preformed entirely using the Python programing lan-
guage. This language is very flexible and provides an excellent platform for simple
calculations as well as data plots, while also possessing the scalability, through python
modules, required for advanced computations and implantation of complex algorithms.
The SciPy and the NumPy modules are examples of such python modules and were
used for most of these computations, namely and most importantly, for the implemen-
tations of the Levenberg-Marquardt least square algorithm, which is part of the SciPy
optimization and root finding (scipy.optimize) package. These modules also provide
fast computation of arrays and matrices for processing large amounts of data, which
was proven to be particularly useful for processing of spectral data.
The Matplotlib python module was used to produce all the plot representations of
data and functions, as this module also provides a lot of flexibility to best design ways
of effectively present the experimental results, together with high quality graphics.
The PyVISA module was extensively used to interface laboratory equipment with the
computer through the GPIB interface, greatly improving the data collection procedure
in terms of speed and reliability.
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Vector graphics for schematic pictures were designed with Inkscape, while three dimen-
sional graphic and animation rendering was performed using FreeCAD and Blender.
All these tools are open source software and are, in the authors opinion, some of the
best tools for professional design of high quality pictures, and provide accurate data
analysis for scientific manuscript preparation purposes.
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